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ARTICLES )

ITERATIVE ALGORITHM FOR OPTIMIZATION OF THE ENERGY DISTRIBUTION
IN HIGH-POWERED WATER-COOLED CHANNEL REACTORS (RBMK) WITH THE HELP
OF MEASUREMFNT OF THE INSERTION DEPTH OF THE SAFETY AND CONTROL

| RODS (SCR)
| ‘ :
A. A. Shkurpelov, V. V. Postnikov, : UDC 621.039.512.45
| N. V. Isaev, V. G. Nazaryan, Yu. V. Shmonln,
3 . A. S. Nemirov, and G. V. Yurkin

‘ ' The problem of profiling the energy distribution arises in the solution of problems of

‘ the ongoing operation of a reactor and is associated with providing the initial computational
information for the centralized control system (CCS) of the reactor, which is based on the
use of a computer. The power Wj of all the heat-generating assemblies (HGA) in a reactor -
is determined in the system from the readings Wd (Z =1, 2, ..., Ng) of the energy distribu-
tlon control detéctors (EDCD) and from a priori 1nformat10n about the power of the HGA R.-
(=1, 2, ..., NggA) obtained by computational means [1, 2]. Calculations are performed
using the two-group two-dimensional diffusion program BOKR [1], in which a quasisteady model
of the reactor is employed. In view of the inadequateness of this model for an actual unstable
RBMK-1000 reactor, some difficulties associated both with the analysis of the objectivity
of the results obtained and with the need for additional correction of the computational data
arise in the description of the energy distribution for in-channel control of the power.
Taking additional account in the computational model of the dynamic factors has evidently
permitted obtaining the macrodistributions reflecting the actual state for an RBMK~1000 in
the best case at time intervals up to several minutes. However, calculations using the ap-
propriate programs should take an order of magnitude more time, and therefore the question
of performlng them in real time can ev1dent1y still not be posed. :

The approach proposed in this article permits raising the objectivity of the a priori
information within the framework of the quasisteady reactor model as a result of taking into
account the actions of the nuclear power plant personnel in the extremal regulation of the
energy distribution [3]. The use of this information in the plant control system permits
limiting the error of determining the power of the channels within permissible limits.

- A method for extremal regulation is proposed in the calculations in which the commands
for shifting the SCR rods are issued immediately during the iterative process for the nuclear
fission soruces in the solution of the diffusion equations. This results in a significant
reduction of the computational time (by approximately a factor of 8-10) in comparison with
the case in which a program of physical calculation is used as a separate procedure for
determination of the system response to shifting of the rods [3]. .

We shall indicate some distinctive features of the algorithm for recovery of the energy
distribution from EDCD readings realized in the PRIZMA program [1, 4] in the "Skala" CCS to
explain’ the method of preparing the a priori information. The assumption that the micro-
structure of the energy distribution realized in the reactor — the ratio of the power of
adjacent channels — is well described by the quasisteady computational model of an RBMK of
the BOKR rrogram serves as the basis of the program; this property of the computational model
has been confirmed by repeated experiments. Therefore, the recovered power distribution Wj
is represented in the form

W,=F,1+V)), 1)

Translated from Atomnaya Energiya, Vol, 54, No. 6, pp. 387-390, June, 1983, Original
article submitted April 26, 1982.
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where F. is a reference distribution calculated from data of the physical computation of Rj
and the”entire set of readings of the EDCD with the use of the expansion )

8
Fj:.:f{jk;cklph] . '. (2)

(here Vkj are test functions evenly specified for the entire reactor; the coefficients Cy
are determined by the least squares method) '

Nd

S B -
2 (EL—E Ckll)m) =min, | (3)

l==q [ h=1

where the index d denotes a channel with EDCD, and Ng is the number of EDCD.

The reference distribution Fj is an estimate of the mathematical expectation of the
desired energy distribution W3 without taking into account plant estimates of the dispersion
of the calibration error of the EDCD. In relationship (1), V; is the local correction with
corrects the estimate Fj with account taken of the four EDCD nearest to the channel under
discussion. Its use is justified only in the case in which estimates are known for the
dispersion of the calibration error of the EDCD oé,z. An estimate of“Vj is determined by
means of a smooth statistical interpolation [4] of the approximate values V% =W?/FZ — 1, so
that : . :

i -
V,=3 b, (c pvi
Vl vél ]l( 'C ,l) ! (4)

The coefficients bjz (cc’z) are calculated from a priori data input into the PRIZMA program
which takes into account the resiults of experiments and computational modeling; the dependence
of bjz on Oé,l is such that bj7 (og 7)+0 as ol ;> =, and then Wi~Fj, and as of 770 in channels |
with EDCD, blzl.(oé,z)éﬁzzv (877" is the Kroﬁécker symbol, and 71'=1, 2, ..., Ny), and
then W1+W%. The choice of continuous test functions wkj and the use of smooth interpolation

-of  the corréqtion Vj permits producing a microstricture of the recovered distribution which
is similar to the microstructure of the calculated energy distfibution‘Rj; '

On can judge the objectiveness of the control from the deviations of Fz from Wg, in
particular, from the quantity ‘ :
. N : M :
1 da__ 1. 1 2 P

S 3, gyﬁz_N—d_ 17‘“_-17‘ : (5)

4= ‘ :

=1

Upon deterioration of the quality of the a priori information, 6® increases, and in accordance
with the relationship (1) the role of the iocal correction Vj, whi¢h is dependent on the |
selected interpolation method, the estimates of the values of cé 7» and possible individual o
"spikes" in the EDCD readings, increases. When §2 starts to excéed some specified value 1
Ggp, it is necessary to introduced new data of the physical computation into the control

system, ' '

During the initial period of operation of an RBMK the calculated energy distribution .
R; obtained using the BOKR program is in good agreement in the charnels having EDCD with
t%e measurement data of Wd, which permits maintaining 8% at a level ~ (2-4) x 103, However,
as the fuel depletion in %he active zone increases, the energy distribution in the reactor
becomes unstable, which does not correspond to the quasisteady computational model of the
reactor. This leads to a significant increase in §*® to values V5 x10-2 and greater, the role
of a local correction in the expression (4) increases significantly, and the error in control
of the channel power increasess '

In practice and in reactor models operating in real time, the energy distribution is
stabilized in time intervals significantly less than the characteristic time of development

390
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of time-dependent processes [4]. Therefore, taking account of dynamic effects in the models
can be simplified, and as a result it proves to be possible to combine the '"usual" two-
dimensional quasistatic neutron physics calculation with the optimization calculation.

In order to produce the specified energy distribution or one close to it, the reactor
operator with the help of the monitoring and control system performs in essence extremal
regulation of the energy distribution in the active zone with a goal function of the type

K, — min - (6)
or ’

min Kgf - max, ' %

where Ky is the nonuniformity coefficient of the energy distribution over the reactor radius
and Kg¢ is the safety factor to the maximally permissible or the specified value of the
distribution WSP. 1In practice the goal functions (6) or (7) are realized by maintaining some
specified dist}ibution. In this connection it is advisable to take into account the analogous
actions of the reactor operator in the calculations with this model in order to reduce un-

justified distortions in the calculated macrodistribution obtained with the help of the
quasisteady model.

An extremal regulation algorithm is implemented in the program BOKRUS [3], in which

the response of the system to displacements of the SCR rods is determined by calculations

using the BOKR program. As experience in the operation of RBMK has shown, the energy dis-

tributions calculated using the BOKRUS program prove to be close to the actual distributions

at very large time intervals. However, one should note that the position of the rods obtained

in the calculations may not correspond to those implemented by the operator. Due to this

microstructure of the calculated distribution may differ from the microstructure of the energy

distribution realized in the reactor, which, as has been noted above, is well predicted by

the calculations using the BOKR program with the initial position of the rods. 1In order to

overcome this difficulty, functions calculated in advance of the influence of a shift of

the rods on the energy distribution are used. Such corrections to the results of the BOKRUS

program are determined from these functions, which bring its microstructure closer to that

predicted by the BOKR program without significantly altering the macrodistribution.* The

expounded method for preparation of the a priori information permits maintaining the value

of 6 from the expression (5) within a rather narrow interval which does not exceed 6 x 10->.

The method has been implemented in a complex of programs which provide for the operation of

an RBMK. 1In order to reduce the computation time, a new algorithm has been developed in

which, in contrast to the BOKRUS program, a step-by-step method of regulation of the SCR

control rods is used for correction of the iterations in the nuclear fission sources in solv-
, ing the diffusion equations. Units of the fast BOKR—BIS programs [5] which permit determining

immediately after 3-5 internal iterations the direction of variation of the distribution as

a function of the insertion depth of the SCR rods, are used to calculate the energy distribu-

tion at each iteration. Shifting of the rods is accomplished as follows.

n
The iteration Q(j) (h(m)) is calculated for the position of the rods h(m) with a fission
source Q(Q‘l) 3-5 internal iterations by the scheme of Buleev and Ginkin [6]). The average

powers w(n=1) and W®) (W (M) inthe k-th multicells, which are a set of 3 x 3 cells having a
central cell with an SCR rod, are determiend in these iterations. The ordered sequence of
numbers '

(1, m) W(}? (him)
&= we-D

—1, k=1,2, ..., N

rod

{(n. m) (8)
apm<afmM<apm... <ag

| *The described method of preparation of the computational data — optimization of the energy
distribution by the BOKRUS program and the introduction of corrections to the microstructure
— is equivalent to the correction of the breeding properties of multicells with centers in
the SCR rods, which leads to a change in the macrodistribution [2].
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is constructed, where Nroq is the number of rods taking part in the regulation. We choose

nt and n- rods, which correspond to the first nt and the last n~ terms of the sequence. For
these rods commands are issued for extraction to a depth hy m+1/"h(ﬂ) — Ah, k=1, 2, ...,n"
and for insertion to h{(mt®) =h(m) 4 an, k= Nrods Nyod—1s «+«»Nrod —n~, where Ah is the shift
step of the rods (it varies from 0.4 to 0.1 m). One can take n"=n~ in the calculations;

for best compensation of the reactivity in the regulation process one can alter the relation-

ship between the number of withdrawn and inserted rods, using the estimate kef of the n-th

NHG A NHGA - ,

iteration (kef = zg O””“ﬁmn/zg 05"").. The number nt is specified within the limits from
j=1 j=1

10 to 20 in the calculations. For each regulation operation the mean square deviation

1/, Nrod

— 1 Vo in,m)2

Op.m* mz (a,:"m)
=1

is calculated. In the case in which On,m <%a,m-1, regulation is continued with a specified
source 0(n-1)., When Op,m becomes larger than (or equal to) On,m-;» @ replacement of the

(9

source occurs: 0(“)(h(m) is substituted in place of 0(n ') the reference power distribution

W(E 1) is replaced by W(n), and the process is repeated with a reduced shift step Ah The
distribution correspondlng to the specified energy distribution WSP, for which the result
of the physical calculation being profiled, is selected as the 1n1t1a1 distribution of the
fission sources. It is assumed in the BOKR program that the energy distribution Wj follows
the distribution of the fission sources:

W, = Ga—al—s

§] 0!

‘where Gtp is the total thermal power of the reactor. Therefore, under these conditions the
algorithm under discussion reduces the discrepancy between successive external iterations,

which is equivalent to an acceleration of the iterative process. The algorithm permits reac-
ting to incipient distortions of the energy distribution caused by the effect of interference
of the rods shifted, and with a small shift step one can achieve the maximum approach of the
result of the iterative process to the specified energy distribution (according to the crite-
rion of the average power of the channels surrounding. each red).

The computational results show that for the RBMK computational model the contribution
to optimization of the regulation in the first 4-6 external iterations, when the solution
acquires practically all the regularities of the computational model, is the most important.
The results of the optimization depend little on whether or not the external iterations which
remained are performed with regulation or without it.

The algorithm discussed has been implemented in the program OPTIMA written in the
FORTRAN-4 language for series ES computers. The computation time of one version of the
program is about 20 min of machine time on an ES-1033 computer. The input of initial data
from punched tape output from the "Skala'" CCS is implemented in the program, and output of
the computational results onto punched tape in the form required for input into the control
system is also provided for. The OPTIMA program has been subjected for an extended time to i
experimental checking by means of calculations of specific states of an RBMK-1000 for
the first and second units of the Kurskaya and Chernobyl'skaya nuclear power plants.
The possibility of the application of the results obtained to the control system was
checked with the help of calculations using the PRIZMA program (see Table 1). It is
evident that the OPTIMA program significantly improves the quality of the physicali calcula- ‘
tion in comparision with the usual calculations by the BOKR program. When the results are ;
used for control of the channel power in channels with EDCD, the deviations between the ob- ‘
jective estimate of the energy distribution F; and the measured power W7 are reduced. A
comparison is made for the following parameters: Ky; Gth, recovered by the PRIZMA program
(or by the PRIZMA—ANALOG program, which simulates on a computer the operation of the plant ‘
PRIZMA program); WMaX; the minimum safety factor until a heat exchange crisis Km1“, the |
thermal. engineering rellablllty of the reactor H; and the dispersion of the enetrgy distribu- !

392
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TABLE 1. Computational Results Using the OPTIMA Program

_ K, . 4 Plant PRIZMA
Nuclear power D 62 | Omaxs | 9max L -
plant unit ate BOKR [OPTIMA| % | 0™ | o™ | o | k|G ype MW wivax
\
Kurskaya 1 06.03.79 | 1,602 | 1,346 | 6.7 | 17.6 | 1389 | 6,2 [1.306f 315 | 2,52
i 27.03.80 | 1,604 | 1279 | 45 | 208 | 443 | 48 1,26 3202 2.6
. 1 19.01.81 | 1,812 | 1,432 | 6.2 | 134 | 181 | 5.8 |1.430| 3179 | 2.7
Chemobyl'skaya |, 230181 | 1738 | 1,404 | 5.3 | 1.2 | 17.4 | 4.6 [1.382] 3226 | 2.69
Plant PRIZMA PRIZMA—ANALOG with calc, by OPTIMA program
Nuclear power - .
plant unit K;rfun D, " 'K, |Ggpo MW Wfli\?w K:}m D, "
Kurskaya | 1,2 | 18,8 | 0,008367 | 1,306 | 3147 2,50 | 1,12 |13,0] 0,008378
ya gy 1,04 | s5.0 | 0.996050 | 1,277 3192 2,65 1,83 28,2 8,33233;
' 1 1,00 | 7200 | 0,998279 | 1.430 | 317 2.73 | 1. , 19982
Chernobyl’skaya 114 390 | 0,098279 | 1.380 | 3221 | 2.70 114 | 25,0 0,998294

tion D, = §* —-]E':S 0%,1- The energy distribution obtained at nuclear power plants

by the PRIZMA program with use of the data of the physical calculation by the BOKRUS program
was used in the calculations as the specified W?p. The mean-square deviations o, of the

results of calculating the power WSPL by the OPTIMA program and the data of the plant PRIZMA
program are indicated in Table 1, along with the maximum relative excess Gmax= max (weprt/

W;p — 1) and understatement O ax = max (1 __w§pt/w§p), and the mean-square deviation od cal-
culated for the channels with EDCD.

The results of calculations using the OPTIMA program show that one can achieve and ap-
preciable reduction of K. in comparison with the results of the physical calculation using
the BOKR program in the regulation of ‘the insertion depth of the SCR rods. The introduction
of such an energy distribution in the ''Skala" CCS permits improving the values of Dp and
maintaining the remaining parameters practically constant. OPTIMA is a newfast program which
provides for equalization of the energy distribution in an RBMK by means of changing the
insertion depth of the SCR rods, and it is completely suitable for use in the complex of
programs whichprovide for operation of an RBMK. o

In order to increase the informativeness of the estimate of the mathematical expecta-
tion of the energy distribution for reactors with an unstable distribution,; it is necessary
not only to detail the model of the reactor and to refine the description of the dynamic ef-
fects in it, but also to introduce, mainly into the physical calculation, a unit for the
automatic optimization of the distribution w1th the goal control functlon adopted for a given

reactor.
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CONTROL OF THE NEUTRON DISTRIBUTION IN A REACTOR

V. N. Konev ' UDC 621.316
and B. Z. Torlin : '

The stability of the neutron distribution in a reactor having special systems of local
automatic control (LAC) has been studied in a number of papers [1-3]. As a rule, the systems
considered had a small number of control rods (CR), and to each LAC was conventionally as-
signed the part of the core controlled by it with intrareactor control sensors and/or ex-
ternal chambers, producing jointly a control signal for "its own" rod located in this same
region of the reactor. In determining the stability of such systems certain characteristic
computational difficulties sometimes arose if the regions controlled by the various LAC were
not clearly delimited. Such difficulties arose in the analysis of the stability of the optimum
solution when many CR were used [4-6].

The influence functions of the CR play an important role in control problems. We use
the definition of the influence function Wj of the j=th CR given in [7]. We call the value
of this function in the zone of the i-th sensor the influence coefficient Yij of the j-th

‘CR on the i-th sensor. ' If pi is a sufficiently small change of the effectiveness of the j-th

CR, its influence on the i-th sensor is ¥ijei. Let x{ be the change in response of the i-th
sensor as the result of a small perturbation of the properties of the reactor not related to
the change in effectiveness of its CR, and ¢4 the change in response of the i-th sensor as
a result of the simultaneous action of these effects. Then*

N
;= ) 7503+ At i=1, 2, S M,
q)i gi 'lpupj Ai ‘ (la)
where N is the number of CR and M is the number of sensors.’_In matrix form
o=¥p+1. | | )

Of the possible algorithms for the controll of the neutron distribution, the simplest is
¢=0 “for. M=N. : ' (2)

In practice, if each sensor is located close enough to "its own" CR, and there are the
same number of CR and sensors, the matrix¥ ¥ will be diagonally dominant and well-conditioned.
It was shown in [3] that if the sensors are too near the rods, the neutron distribution be-
comes unstable. '

Let us consider the neutron distribution stabilization system discussed in [3]}, which
employs six symmetrically placed. chambers and six CR located along the radial lines drawn from
the center of the reactor to the chambers. When the CR are located near the chambers, the
system has a very low stabilizing capability. As the CR are moved away from the chambers,

*For simplicity we assume that the reactor has a fast power reactivity effect (see note in

{71.

tFrom now on we assume that the control system is sufficiently quick-acting in the sense
indicated in [8, 9].

% In this case the influence matrix‘ﬁ,is not only square, but- also plays the role of the
control matrix.

Translated from Atomnaya Energiya, Vol. 54, No. 6, pp. 390-395, June, 1983. Original
article submitted July 8, 1982.
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the stabilization is improved, but when the CR are near the center of the reactor, all the
elements of the matrix { approach the same value, and the condition of\ﬁ is sharply worsened.
If the CR are located at the same radius on the bisectors of the angle formed by the lines
drawn from the center to the chambers, the matrix ¥ becomes singular — its determinant is
zero. This is true for the CR at any radius, and for any even N=M.

‘The operating algorithm for the LAC system of the RBMK reactor at the Leningrad nuclear
power plant [10, 11] is rather simple, but more complicated than the system discussed above:

¢r=0, , (j)

. .
where the components of ¢, are the total signal E Qi of the deviation of the responses
=1 ) . :

of four snesors surrounding the i-th rod of the LAC. The elements of the control matrix are

§ bipj- Obviously, as long as the limits of the region controlled by the sensors of each

=1 .

CR are clearly enough delineated, the control matrix will be diagonally dominant and well-
conditioned. In the case under consideration there are many more sensors than CR in the
automatic control system, and therefore there are many possible ways of using this redundancy.
For example, the stability of control systems with least-square deviation (LSD) from the
specified neutron distribution was investigated in [3, 7, 12]. It was shown in {7] that when
there is a fast power reactivity effect the control algorithm has the form '

@*w::ﬂ, ' . _ (4)
where T denotes the transpose.

The control signal for the CR is now formed by all the sensors in the system, and not
just by the nearest one. Therefore, there are no "own'" and ' other sensors. The control
matrix is formed by substituting Eq. (1) into (4) in the form 1y In general it is dif-
ficult to draw a conclusion about its condition. It can be shown that such a control matrix .
will be strongly diagonally dominant if the CR and sensors form a regular lattice and there
are many more sensors than CR.

In the RBMK there are more CR than sensors. in the radial power distribution control
system [10, 11]. Therefore, e.g., including all the CR and sensors in the automatic control
~ system raises the problem of the redundant CR, which can be sglved in various ways, in par-

ticular, by the principle of least action of the rods min D= b p;. In this case the operat-

[oF =1
ing algorithm of the control system has the form 3. J
e=0; (sa)

The components of the M-dimensional vector A are Lagrange multipliers which have a clear
physical meaning. This is easy to understand after substituting Eq. (1b) into (Sa), and
then (5b) into the result., The control matrix takes the form ¥Yr, Control is accomplished,
as it were, by group motions of the CR, and the Xj play the role of the effective displace-
ment of the group. According to Eq. (5b), the displacements of the CR in the group must be
proportional to their influence coefficients. By replacing the CR by sensors and the sensors
by CR and using the reciprocity property [13], it is easy to establish the "conjugacy" of

the control by the principle of least action with LDS. Therefore, the above statement about
the condition of the control matrix remains valid.

We have considered the simplest neutron distribution control algorithms based directly
on sensor responses. Optimal control algorithms are more sophisticated. For control by slow
processes using a system of quick-acting controls, the optimal solution can be obtained by
linear programming methods [5, 6]. 1In this case the number of operative CR determines the
number of channels reaching their maximum restricted temperature. We call these hot chan-
nels. For sufficiently small perturbations the optimal process will preserve the hot-chan-
nel parameters, i.e., it will follow algorithm (2). Now ¢ combines the power deviations
of the hot channels and not the sensor responses. This may have an unfavorable effect on the
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Fig. 1. Dependence of Rewon §7%: 1, 2)
for Figs. 2c, 2a; 3, 4) for Figs. 2f, 2e;
dashed curve indicates the region of poor
numerical stability.

condition of the matrix ¥ for the influence of the CR on the hot channels. This is related

to the fact that in contrast with sensors, whose disposition can be planned beforehand, the.
location of the channels is determined after solving the optimization problem, and may turn
out to be anywhere. Some of the variations of the location of hot channels may be unfortunate
‘from the point of view of the condition of the matrix ¥. Let us analyze the conditions of

its degeneracy. Suppose N hot channels are located in such a way that one of the rows yYj

of the matrix ¥ is a linear combination of the others. We number the hot channels in such

a way that .this row and the channel associated with it have the number N, i.e.,

N-1 : )
2 bili=vy. | | ()

. . .T . . ' »
Considering Yy as a function of the -displacement of the N-th channel, we can obtain the equa=-
tion of the singular line, motion along which will leave the matrix\ﬂ degenerate:

g opT, Wy

L=t

Obviously, the line or lines can pass through ény of the remaining hot channels. Thus, when
x and y coincide with the coordinates of the k—th hot channel, at least N — 1 choices of
initial conditions of the form Zi= §ik and w£==wa for any k <N, where §ik is the Kronecker

symbol, are determined for system (7). With these initial conditions the singular lines
passing through ‘all the hot channels from the first to the (N—1)-th can be determined* from
system (7). If the control matrix is well-conditioned, the N-th hot channel must not turn
out to be too close to one of these lines. Since it is impossible to guarantee that this
condition will be satisfied, we examine the dangers accompanying its violation and how to
avoid them. If the control matrix is ill-conditioned (in the present case this is the error
in the determination of p, the displacement of the CR, by algorithm (2) ¥p +X=0), gross
errors will appear in the solution, even at a low noise level, e.g., in the responses of the
sensors or in the determination of the power distribution deviation vector in hot channels.
This is a typical case of low noise stability, when a small random error in measurement is-
transformed into large-scale random fluctuations of the whole state vector of the system,
or part of it. 1In the present case the conditions ¢ =0 can be satisfied rather accurately

*Because of the Binet—Cauchy formula [14], the control matrix ¥*™ with LSD for M >N may become
singular if all (!) M sensors turn out to be on the intersections of the singular lines of

all combinations of them N — l.at a time. If there are considerably more sensors than rods,
this is extremely improbable. By the principle of least action, the same considerations

for the control matrix W¥" are valid for M<N.
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and p undergoes appreciable random fluctuations. If the matrix VY were‘singular,* this con-
dition could not be satisfied exactly for any displacements p, and it would have to be satis-
fied approximately. It is advisable to do this even when ¥ is ill-conditioned, since it im-
proves the correctness of the control problem considerably.

If the concept of admissible straggling parameters 6y, and 6p is introduced, the control
algorithm based on a combination of minimization of the deviation of the power distribution
in hot channels and the action of the CR

2 %
mq4%+2%)
i J

- . 9]

will'have the form

i@+ 8%, =0 for j=1, 2, ..., N, . (8a)
1 : _
where

82 = (Bo/ 60)2
or in matrix form

Yop 4 §%p=0. (8b)

After substituting Eq. (1b) into (8b), we obtain the control matrix in the form Yy 4 52 E,
where E is the unit matrix. Now the control matrix is positive definite, and its condition
may be affected by §, a single regularizing parameter determined solely by the ratio 8q/0p-
The control matrix was found to be ill-conditioned in studies with the BASIRA program of the
stability of the solution close to that derived in [6] for two-dimensional power dis-
tribution. The spacings of the hot channels and CR were taken from [6] and trans-
ferred approximately to the RBMK loadingdiagram. Feedbacks and the reactivitycoefficients
characteristic of this reactor with 1.8% enriched fuel were used.T In the absence of a
spatial stabilization system, the unstable mode with the shortest period for a single auto-
matic control — the first azimuthal — develops in 10:~2 min.

, The incorrectness of the problem before the introduction of regularization appears

in the form of instability of the calculation of the principal eigenvalue.I In these cases
the spectral condition number [17] of the control matrix (the measured ratio of its maximum
and minimum singular numbers [18]) turned out to be greater than 10“. This kind of ftrouble
never arose if the CR and sensors, e.g., formed a regular lattice and were near one
another. In using the control algorithm in the form (8), the principal eigenvalue can
be determined reliably without fear of a numerical instability of the solution. However,
the inroduction of § into the control algorithm worsened the dynamical stability of the

*The simplex method [15] for solving the linear programing problem and modifications of it
cannot lead to a singular matrix §, but it cannot guarantee that the control matrix will
be well-conditioned. This appears, e.g., in a weak sensitivity of the optimum coefficient
of nonuniformity of the power distribution to different variations of popt obtained with
different versions of the programs.

tThe power reactivity coefficient is 0.005, the temperature reactivity coefficient of graphite
is 0.013 with a time constant of 1 h, and the xenon reactivity coefficient is 0.0298 [16].

Ito analyze the stability the BASIRA program determines the eigenvalue w of the system of
transient equations with the maximum real part [16]. )
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Fig. 2. a, b, ¢, d, e, f: m) hot channels; O) CR.

reactor. This change of the control algorithm is equivalent to a change from an astatic to

a static control law with a large amplification factor (v6"%). For a reliable guarantee of
the numerical stability of the problem it is sufficient to have 8§22~ 107" of the maximum eigen-~
value of the control matrix. Of course, this does not affect the stability of a system whose
control matrix is well-conditioned. However, § has an apprecialbe effect on the stability

of systems with ill-conditioned control matrices. Figure 1 shows the dependence on & of the
real of the principal eigenvalue w of systems with CR and hot channels in the positions shown
in Figs. 2a, b, e, and £f. As 6§+ 0 it should be possible to determine the asymptotic value

of Re w corresponding to an astatic control law. Unfortunately, in a number of cases, as in
the present situation when the spectral condition number becomes larger than 10*, this fails because
of numerical instability.* Therefore, in subsequent calculations we chose a single value
62=2.5x10"". The straggling 6p, which is one-third the travel of a RBMK-1000 contrcl rod,
corresponded to §p ~ 0.5 % in the value of ¢/®D,.

A study of systems with CR and hot channels in various positions showed that stability
is determined largely by how extensively the whole core is covered by control. Figure 2 shows
the positions of RBMK-1000 CR and hot channels for some of the larger number of cases cal-
culated. The arrangement of CR and 35 hot channels shown in Fig. 2b is similar to that in
[6]. Figure 2a differs from Fig. 2b only in the positions of hot channels, which are now
more widely spaced in the core. Figure 2c differs from Fig. 2b primarily in having .only 26
CR and hot channels, but arranged so that the region they control is not too different from
the analogous region in Fig. 2b. Finally, Fig. 2d shows the locations of 28 CR arranged in
a regular lattice covering the whole core. The sensors are also spaced reguarly at distances
of two lattice constants from the CR. Figures 2e, f showthe positions of 52 CR and hot chan-
nels covering practically the whole controlled region of the reactor. In this case all the
rods of the plateau region take part in control, and therefore they form a regular lattice.
Figure 2e differs from Fig. 2f in using regularly spaced radial control sensors.

*The spectral analysis of the control matrices was performed with the KIM and QREIG programs
from the library of standard BESM-6 programs 18]. A test showed that the calculated small
eigenvalues (<107“) of ill-conditioned matrices have large, even-order-of-magnitude, errors.
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The charaéteristic times for the development of instability are 1.45, 0.61, and 0.58 h

for Figs. 2a, b, and c respectively. These values show how much a broad coverage of the core
by control contributes to the improvement of stability, especially for Fig. 2d for which the
system turned out to be stable even for close spacing of the sensors around the CR. Separa-
tion of the sensors or hot channels from the CR improves the stability considerably. Systems
corresponding to Figs. 2e, f turned out to be unstable, in spite of the large number of CR.
This can be accounted for by the fact that here the whole peripheral region, whose area is
half that of the core, remained without control. The characteristic times of development
of instability for Figs. 2e, f are 1.37 and 1.53 h, respectively. The irregularity in the
location of the hot channels had little effect on the instability characteristics.

In conclusion, we point out another possible control variant. If the matrix ? and the
related matrix ¥r¢ are ill-conditioned, there are very small eigenvalues in the ¥r¥ spectrum.
The proper motions of CR, py, corresponding to these small eigenvalues are practically useless
for correcting the deviation vector ¢. Hence, there is one other method of regularization
of the control problem. Taking account of the LSD principle for the condition (p, py) =0,
we obtain the control algorithm in the form

Y 4- g Aypy=0;
(p’ ,Pv) = 0:

(9)

where the )\, are Lagrange multipliers. Eigenvalues which are 10-“ of the largest value or
smaller must be called "very small". Algorithm (9) also has good numerical stability. Cal-
culation performed with it and with algorithm (8) gave nearly the same results.

The authors thank A. A. Anikin, A. M. Afanas'ev, A. D. Galanin, B. P. Kochurov, Ya. V.
Shevelev, and others for a discussion of the work and a number of valuable comments.
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CALCULATION OF CRITICAL HEAT FLUX IN ROD BUNDLES WITH LOCAL
TURBULATORS '

V. K. Ivanov UDC 536.242
and L. L. Kobzar' .

Reserve before a heat-transfer crisis in boiling of coolant is an important index of
the reliability and safety of a nuclear reactor. One way of increasing this index is to
place special devicés in the flow core to modify the coolant flow. This method of increas-
ing the critical heat loads has been studied at the I. V. Kurchatov Institute of Atomic Energy
(IAE) [1, 2]. The spacing lattice-intensifiers for RBMK-1500 fuel-element assemblies were
chosen on the basis of experimental data and the results of research performed at other or-
ganizations. '

Earlier [2] a procedure was developed for calculating the hydraulic resistance coef-
ficient of heat-transfer intensifiers based on their geometrical characteristics. The hy-
draulic resistance coefficient of a lattice-intensifier is given by the expression

E=C(D/Fq)?, (D

where C=7.145 is an empirical constant, and F, is the total straight-through cross section
of the channel; . :

©=f(y)dF; \
‘S (2)

F is the area of the elements of the lattice in plan (midsection); f(y) is a fucntion of
the angle of inclination of an elementary area to the direction of free-stream flow (angle
of attack);

=] SR for OSy<ad; .
(v —{ 1T for A<y 2, , - (3)

The proposed procedure is in good agreement with experimental data. The maximum error
of the calculation is 6%. ' '

After solving the problem of the hydraulic resistance of the intensifiers, it was pos-—
sible to proceed to the next problem — the calculation of the increase in the critical heat
loads as a result of using lattice-intensifiers.

A number of procedures for calculating critical heat fluxes in rod bundles have been
developed in the USSR and abroad. One of these procedures originated in the I. V. Kurchatov
IAE [3]. It is in good agreement with experiment, but like other similar procedures based
on experimental data on bundles with ordinary spacing lattices, it cannot be applied to heat-
transfer intensifiers. According to the IAE procedure, the critical heat flux in the running
longitudinal coordinate z for rod bundles with ordinary spacing lattices and a uniform distri-
bution of heat release is given by the formula

X 1
Q:(D'IE) 345 (1 +2/1) ? (%)

Translated from Atomnaya ﬁnergiya, Vol. 54, No. 6, pp. 395-399, June, 1983. Original
article submitted May 10, 1982.
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TABLE 1. Types of Lattice-Intensifiers ‘
and Their Positions along the Height of :
a Fuel-Element Assembly for Various ‘
Models (Fig. 1)

: Type of lat-
Model ltice intensi~] 4, mm B, mm ¢, mm
| fier [2]
I 1 4290 206 —

11 2 3960 360 120
11 3 - 4320 360 120
v 4 4320 180 —_

v 5 3600 180 —
VI 3 3600 360 180

vl : 3 3600 240 —

where Q and X are generalized expressions for the critical heat flux qcr and the relative
enthalpy x of the coolant; 7=3.54m. For D=0.942, Eq. (4) describes the experimental data
obtained on models with regular RBMK-1000 spacing lattices in the pressure range (7.35+0.5)
MPa with a mean square error of 47.

The approach to the calculation of critical loads in bundles with lattice-intensifiers
developed in the present article is based on the IAE procedure. The IAE formula is used in
a form expressing qer as a function of the underheating Aijpn of the coolant before saturation
at the channel entrance. This form of the formula is obtained by substituting the heat-
balance equation into Eq. (4). ’

The results of experiments performed on the KS stand on critical heat loads and hydraulic
characteristics of full-scale models of RBMK-1500 fuel-element assemblies, and the geometrical
characteristics of the models and lattice-intensifiers, were given in [1, 2] (Table 1).

There .3 no published information on such methods of calculating critical heat loads
in rod bundles with heat-transfer intensifiers which takes account of the geometrical features
of the intensifiers and their spacing. Available correlations for calculating critical loads
are based on the results of experiments with ordinary spacing lattices. Of course, any spac-
ing lattice is also an intensifier. However, it is very difficult to establish the effect
of the structure of such lattices on the conditions of approach to a heat-transfer crisis
from experimental data, since the effect is small. This is accounted for, first of all, by
the fact that spacing lattice structures are generally chosen to minimize their effect on
coolant flow, and secondly, that the distance between spacing lattices is generally chosen
to be rather large, and their effect decreases along the flow path from one lattice to another.

401

Declassified and Approved For Release 2013/02/06 : CIA-RDP10-02196R000300020006-4



Declassified and Approved For Release 2013/02/06 : CIA-RDP10-02196R000300020006-4
)
a8
06
04
41

T

T
S}

J

o 1 L I )

| 1
0 20 4« 69 qldp

Fig. 2. Plots of Eq. (7) for: 1) B=20;
2) 30; 3) 40.

An attempt was made in [4] to take account of the intensifying effect of spacing lattices
by using the following relation to estimate the ratio of the critical heat flux in a rod
bundle with spacing lattices to that in an ideal bundle (without spacing lattices):

qigt/qég==l-+0.3 exp(—14/40dy) , , ()
where 7; is the distance between lattices, and dp is the hydraulic diameter.

Smolin and Polyakov [4] obtained a rather simple expression, although they processed
a large mass of test data for various experimental ranges. They found no dependence on the
type of spacing lattices, probably because in most of-the experimental ranges for which they
processed data the lattices used were of nearly the same construction and had nearly the same
effect on the flow. 1In addition, the attempt to establish a difference in the effects of
various types of lattices apparently failed because this difference is small. Relations
similar to (5) cannot be used to estimate the increase in critical loads in bundles with ef-
fective intensifiers, since such relations do not reflect the structural peculiarities of the
intensifiers, and do not adequately take account of the character of the distribution of in-
tensifiers along the length of the bundle.

In the procedure described below, all the geometrical characteristics of the rod bundle
are taken into account. The procedure is based on the following assumptions:

The effect of the basic system parameters (pressure, mass velocity, vapor content) on
the conditions of approach to a heat-transfer crisis for rod boundles with lattice-intensifiers
is assumed to be qualitatively the same as for bundles with ordinary spacing lattices. This
assumption permits the determination of critical loads in bundles with lattice-intensifiers
by using the correlation of rod bundles with ordinary spacing lattices and corrections to it
which take account of the characteristics ‘of the lattice-intensifiers and how they are ar-
ranged. '

We consider lattices with a rather uniform distribution of intensifying elements over
the cross section of a rod bundle. This assumption enables us to stay within the framework
of a one-dimensional calculation.

We assume that the main part of the elements of the lattice-intensifiers is concentrated
in the flow core and not at the heat-transfer surface.

A dispersion-annular flow regime is assumed.

No distinction is made in the character of the action of the elements of the lattice-
intensifiers on the flow (turbulization, deflection, mixing, twist, etc.). It is assumed
that in the last analysis these effects lead to turbulation of the flow, and contribute to
better mixing. Improved mixing of the coolant helps produce more intense washing of the
heat-transfter surfaces by moisture from the core flow.

The intensifying effect is determined by the hydraulic resistance coefficient of the
lattice, and falls off exponentially with the distance downstream from the lattice. The
intensifying effects of lattices placed one after another are summed.

By using these assumptions the increase in the critical load resulting from the use of
intensifiers can be described by the expression

N

i i 1 ze
e 1&E=1+ 3 f e (— S5, ©®

n=1
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where f(gn) is the local effectiveness of the n-th intensifier, N is the number of intensifi-
ers before the cross section with coordinate z, and B is an empirical constant.

A comparison of Eqs. (5) and (6) shows the difference of the approaches in {4} and in
the present article, but this should not lead to a difference in the final results. As ap-
plied to the present case, this amounts to requiring that the increase in the critical load
in "weak" parts of a bundle — before the lattices — be the same whether calculated by Egs.
(5) or (6).

Having considered the case of a uniform distribution of identical intensifiers, and
having used on the right-hand side of (6) an expression for the sum of terms of an infinitely
decreasing geometric progression, we can derive from Egs. (5) and (6) a relation which gives
some reference points in the determination of the values of B and F(g): '

F©=03 oxp [ ~ 75 -2) [{exp (—

Sz
f
=
—
S8
!
®
>
o
——
|
tof -
|~
= te
f—
eed
[———7

(7)

"Figure 2 shows plots of Eq. (7) with B as a parameter; f(z), which according to the
logic of the preceding discussions should by a constant, turned out to depend strongly on
the lattice pitch. It is more convenient to return to a discussion of Fig, 2 somewhat later.

The results obtained on the KS stand were processed in accordance with Eq. (6). The
ratios of the critical heat fluxes for models with lattice-intensifiers gqlnt to the critical
heat fluxes for a model with regular RBMK-1000 lattices qgiz' were determined. The calculated
ratios were presented as a function of the mass velocity of the coolant pw for constant values
of the pressure p and the water temperature ti, at the channel entrance. Analysis of these
results showed that the increase in critical power as a result of the intensifiers was in-
sensitive to a change of system parameters. Consequently, the effect of an increase of the
critical load as a result of using a specific type of intensifier can be described by a
constant independent of the system parameters. :

It should be emphasized that thevalues of the effectiveness of lattice-intensifiers and
a regular RBMK-1000 lattice are compared for identical values of the coolant temperature at
the channel entrance. This condition must be satisfied in the future in comparing values
of critical loads for various models. This necessitates using Eq. (4) in a form expressing
Gor as a fucntion of Aijn in determining critical loads for a model with regular RBMK-1000
lattices. In future references it will be assumed that Eq. (4) is written in such a form.

Table 2 lists the average values of the ratio q%?t/qgfz for all models investigated with
lattice-intensifiers. ‘

It is convenient to write the critical heat flux for a bundle with lattice-intensifiers
in the form ‘

-l'lt/ id
qint _ Ter er 1. :
cr Clr.'lp/‘lb(l:ar cr (8)

The values of q%%t/qgg and qgiz'/q%g are calculated from Eq. (6), and qgéz' from (4)
with D=0.942.

The selection of the form of the function f(z) in Eq. (6) was based on the following
arguments. The effect of an increase of the critical power must increase with an increase
in the hydraulic resistance of a turbulator, but not without limit. For certain values of
¢ the effectiveness of a turbulator must increase less rapidly and reach some limiting values.
Such a variation of the local effectiveness of a turbulator with increasing ¢ can be described
by the expression

f@) =A{t —exp[(—L/m)"]}, 9

where A characterizes the maximum effectiveness of the turbulator.
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Fig. 3. Dependence of local effectiveness
of lattice-intensifiers on the hydraulic
resistance coefficient: r.Z.) regular lat-
tice of RBMK-1000; ) calculated from
Eq. (9).

We list'below the values of ¢ for all the 1attices used in the experiments. The cal-
culated values are negligibly different from the experimental data in [2]:

Regular RBMK-1000 lattice 0.56 .
Lattice 1 ' 1.015
Lattdice 2 :
first form . | 0.893
second form 0.318
Lattice 3
first form , 0.92
second form ’
for models III and VII A : 0.285
for model VI : ' . 0.33
. Lattice 4 ' 0.72
-Lattice 5 - 0.77

Based on the processing of the experimental data in accordance with Eqs. (8), (6), and
(9), B=20, A=2.54, m=0.7, and n=1.3. »

The average values of qint/qgil computed with these values of the empirical constants,-
and the errors of the calculation, are listed in Table 2. For the regular RBMK-1000 lattice,
f(z) = 1.32 and qﬁ‘llq%g= 1.18. The mean-square error of the calculation for the whole mass
of experimental points is 6.7%.

It was assumed in the calculations that the value 6f A cannot be exceeded, both as a
result of the action of a single turbulator and in the addition of values of the effectiveness
of turbulators following one after another. This condition must also be satisfied in using
the procedure described. If the change of effectiveness of turbulization with increasing z
is such that at the location of any intensifier the value of the effectiveness exceeds the
limit A, calculations are begun anew from this coordinate under the assumption that for
this coordinate f(Z) = A, and there are no turbualtors upstream.

The form of the generalized relation for f(z) for the values of the empirical constants
A, m, and n indicated above are shown in Fig. 3. The numbers alongside the points denote
the model numbers. If lattice-~intensifiers of two types were used in the models, primed
‘numbers denote lattices of t#t second kind, and unprimed numbers denote lattices of the first
'kind. Equation (6) written for such models contains two unknown values of f£(z). Therefore
in obtaining data for Fig. 3, oneof them (for the lattice with the larger value of ) was specified
~in accordance with Eq. (9), and the other was determined experimentally.

Returning to the data plotted in Fig. 2, we note the satisfactory agreement of the results
obtained by the procedure of the present article and that of [4] for rod bundles with ordinary
spacing lattices. Using the fact that the whole collection of such bundles is characterized
by a rather narrow range of the relative distance between lattices, and assuming that the
average value of l4/dp is 30, it follows from Fig. 2 that f£(z) = 0.5 for B=20. This value
corresponds to 7 =0.22 (see Fig. 3), which is very near the average value of the hydraulic
resistance coefficients of ordinary spacing lattices.
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TABLE 2. Experimental and Calculated Val-
ues of the Ratio of Critical lLoads for
Models (I-VII) with Lattice-Intensifiers
to a Model with Regular RBMK~1000 Lattices

Ratio | T | 1w | ur | v v | v |vin

Exgerlment 1,477]11,53111,575 1,642 1,486 |1,464{1,393

' C?lculauon 1,48911,587|1,533]1,590 | 1,595 |1,340(1,374
) -—0,8| -3,6f 2,6 | 3,0 { -7,3[8,5 |1,3

E—. 100%

. It is also interesting to note that the increases in critical loads over thosé’for an
ideal bundle found by the procedure presented for fuel-element assemblies of the VVER and
RBMK-1000 types turned out to be the same. It can be concluded from this that there is no

need to question the possibility of using the IAE formula recommended earlier [3] to calculate
critical loads in reactors of both types.

Thus, the computational procedure developed on the basis of experiments is characterized
by the following basic parameters: lq/dn =14-42; 1 =0.285-1.015; p =5.6=-9.2 MPa; pw =1150-3000
kg/m*.sec; x =0.22-0.85. 1In using the procedure it is necessary to take account not only
of the limitations indicated, but also of the possibility of applying the basic formula (4)
under specific conditions.
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BOILING OF COOLANT WITH DEPRESSURIZATION OF A HIGH-PRESSURE VESSEL

A. A. Avdeev _ _ ) UDC 621.039.586
and V. K. Shanin

One of the main problems in computational-theoretical investigations of operational
regimes of water-moderated water-cooled nuclear reactors under conditions of a loss-of~coolant
accident is estimation of the degree of separation of coolant in the elements of the equip-
ment in the first loop. The position of the true level and the steam content of the flow
at the inlet to the discharge pipes to large extent determine the flow rate of the steam—
liquid mixture through the location of the break, the dynamics of the pressure drop in the
element examined, energy transfer under the protective envelope, as well as the residual cool-

ant level at the end of the process. .Several approximate methods for solving this problem
“have been developed up to now.

Two very simple models of the process were proposed previously in {1]: a model of com-
plete separation of steam, and a uniform mixing model.. In the first case it is assumed that
the vessel contains a fluid level, on passage through which the steam content jumps from zero
to one. 1In the second case it is assumed that the steam content inside the vessel is constant
and there is no level (Figs. la, b). Such an approach was used in developong the well-known
computer program ""Tech'-12" [2]. 1In this program it was assumed that at the first stage of the
accident the coolant is uniformly mixed, and then a level, caused by complete separation of
coolant, is formed. )

A semiempirical model of the process is used in. the RELAP programs widely used abroad
[3]. It is assumed that the vessel contains an interface between the steam and a two-phase
mixture and that the steam content varies linearly within the mixture (Fig. lc). The gradient
of the steam content, as well as the rise velocity of bubbles, determining the steam content
at the interface, were assumed to be constant. The values of these quantities were selected
so -that the computed pressure drop curves for the vessel studied coincided with the experi-
mental data. However, the empirical constants introduced in this approach, to obtain good
agreement with experiments, must vary with time as a function of the geometry of the vessel
at the location of the leak [4].

In analogy to bubbling, it was assumed in [5] that the volume with the two-phase mixture
contains a section with constant steam content and a transitional zone, within which the steam
content increases linearly to unity (Fig. 1d). The steam content in the first section was
determined in accordance with recommendations presented in [6], and the height of the transi-
tional zone was determined from equations presented in [7].

Comparison of the models discﬁssed with the experimental data [8, 9] shows that the
existing procedures do not completely describe the nature of the experimental curves (Figs.
le, f), and for this reason they have restricted applicability and limited accuracy.

A theory which permits calculating the distribution of the true volume steam content
over the height of the vessel with boiling of the fluid due to the pressure drop is described
in [10]. 1In the mathematical formulation it was assumed that the liquid and steam are in
thermal equilibrium, that the pressure is the same at all points of the vessel, that the
motion of the phases is one-dimensional and quasistationary, and that the group rise velocity
of bubbles is constant over the height of the vessel. Comparison of the results of numerical
solutions of the system of differential equations obtained with available experimental data
gave good agreement. It was shown that at low pressure (p'/p" =), when the fluid may be
assumed to be stationary, the distribution of the true volume steam content over the height
of the vessel satisfies the equation

P =1—exp (— H), ‘ (L)

Translated from Atomnaya ﬁnergiya, Vol. 54, No. 6, pp. 399-404, June, 1983. Original
article submitted June 15, 1982.
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where H=h(p"'/p") (Q,/wr) is the reduced distance from the bottom of the vessel; Q, = (—dp/d1)x
(di'/dp) is the equivalent intensity of internal heat sources. Here h is the dimensional
distance from the bottom of the vessel; dp/dt, rate of decrease of pressure; w, relative

rise velocity of the steam conglomerate; p', p'", density of the fluid and steam, respectively;
r, specific heat of vaporization; and i', specific enthalpy of the saturated fluid.

An interpolation equation, generalizing the results of numerical solutions, was recom-—
mended for high pressures:

000 =1 (0"1") (Pl — 00). ‘ B

We note that relations (1), (2) can also be used when the fluid boils as a fesult of internal

liberation of heat, due to, e.g., radloactlve decay or passage of electrical current through
the fluid.

The following theoretical equation for determining the rise velocity of the steam con-
glomerate was presented in [11]:

(10 — wy)® (1w —w")?

e =g8(1—p"/p"),

where

={ 0.35(p"p") Vvizle™—p")] for  pJp"<150;
60V Tvlz (0"—o")] for  p'lp">150.

Here g is the acceleration of gravity; w", reduced velocity of steam; wo, rise velocity of
a single bubble; and y, coefficient of surface tension.

For high steam loads, this equation has the asymptotic solution

IU=a+u—)', (3)
where a=vVgs(1l — p"/p').

The theoretical equation (3) gives good agreemeht with available semiempifical computa-
tional methods, e.g., in [6].

When the fluid boils due to the pressure drop, the reduced velocity of steam increases
with distance from the bottom. In spite of this, the analysis in [11] leads to the conclusion
that under these conditions the collective rise velocity w will remain constant over the
height of the vessel. In accordance with [11], in this case w will be determined by the
average steam content @, over the height of the two-phase volume. Then, using the relation
between the true volume steam content, the steam load, and the collectlve rise velocity, we
can finally obtain from Eq. (3) a relation for calculating the rise velocity of the steam
conglomerate:

w=a/l—o,). - (4)

In this paper we develop a method, based on relations (1) and (2), for calculating the
nonstationary outflow of boiling coolant accompanying depressurization of the high-pressure
vessel. The algorithm proposed is quite compact and does not lead to an appreciable increase
in computer time, which is especially 1mportant for multielement computer simulations of
reactor installations.

Let us single out, in the element of the power plant loop examined (reactor vessel, surge
tank, etc.), a volume of steam Vg and a volume occupied by the two-phase coolant Vgy. Then
the equations of conservation of mass and energy for the element examined will assume the
following form [12] (it is assumed that the volume of the vessel examined is constant):

V(didz o e+ o' (1 — o)1= —C, o (5)
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V(d/dv) [p"e"p+-p'e’) (1 — )] = 0 —i'6" — i"G”, (6)

where V is the volume of the element (V=vg+Viy)s 6, fraction of the element volume occupied
by steam; e', e", specific internal energy of the fluid and of the steam, respectively; i',
i", specific enthalpy of the fluid and of the steam, respectively; Q, heat introduced into
the element; G', G", outflow (inflow) of steam or fluid mass into the element, respectively;
and G=G'+G", total outflow (inflow) of coolant.

Taking into account the fact that the properties of the phases in the state of satura—
tion are single-valued functions of pressure, we obtain from Egqs. (5), (6)

dp 1 (e"=p")C+GB : (7
av V'Y A— Bl dp"dp+ (1 —q) dpfdp) | )
(" —p") dpdp”jdp4 (1 —q) dp’fdp)
dp _1¢¢C dp

5
where A = @d (p"e")/dp + (1 — @) d (p'e')ldp; B =p"e" 4 p'e's C = Q — i'G’ — i"G".

If we neglect the possible condensation of steam in the volume situated above the surface
vaporization,* then the position of the two-phase coolant level can be determined from the
equation of comservation of mass for the steam located in the steam volume:

(djdx) (p"Vg) =1 — G, @

where Ig is the flow of steam out of the two-phase volume into the steam volume through the
evaporation surface; Gg is the outflow (inflow) of steam from the steam volume:

Ws A (1 oy Ao dn
dar T p” (IS Ge—Vs dp dr)' (10)

The initial conditions for the system of ordinary differential eduations (7), (8), and .
(10) at 1 =0 have the form

P = Do, (E=(p01 Vs =V0' (1)

We shall now determine the quantities Ig, Gg, G', G" on the right sides of the system
of equations (7), (8), (10) (the heat inflow Q is assumed to be a known function of time and
of the parameters in the vessel). - :

In accordance with the recommendations in [10],
Is=p"@ o0k, (12)

where ®@7e is the true volume steam content at the level of the evaporation surface; F is
the area of the evaporation surface. :

The relation between the quantities G', G" and Gs and the total flow rate of coolant
thirough the location of the break is determined by the mutual position of the discharge pipe
and the level of the two-phase coolant. We shall denote the mass steam content at the inlet
to the discharge pipe by x and the mass fraction of steam captured from the steam volume by
Xg. Then

Gs=124G, G" =26, G'=(1—1)G.

*Under the conditions examined, this effect does not appreciably influence the results of
the numerical calculations. To take it into account, the analysis should be performed based
on a simultaneous solution of the equations of conservation of mass and energy written sepa-
rately for the steam volume. '
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The nature of the change in the quantities x and xg with the upper and lower position of 1
the leak is obvious. When the discharge pipe is in a lateral position, if the level of the

. two-phase coolant is above the upper edge of the flow orifice,
@ .
T g - —epne’ ' }

: where quls the true volume steam content at the level of the flow.

If, on the other hand, the coolant level is below-the lower edge of the flow or1f1ce then
Zg=z=1. | Cas

The intermediate case, when the level of boiling coolant is located between the upper
and lower edges of the flow orifice is most complicated. If it is assumed that there is no
relative slipping of phases at the inlet to the discharge plpe x and xg can be calculated
using the follow1ng equations:

r=- ese” .
Psp” HU—gg)p " .
Fsp”l(Fs + Itw) } - (15)

S 4o F—0g)0

where ¢g= (@y Ftw‘*Fs)/(Fs'thw) is the fraction of the flow-through cross section of the

flow orifice occupled by steam; Fs, Ftw are the areas of the parts of the flow-t through cross

section of the flow lying above and below the evaporation surface, respectively..

The quantities @ jeand ¢7 entering into relations (12), (13), (15) can be calculated
from Eqs. (1) and (2), but it is difficult to use these relations directly due to the fact
that the right side of Eq. (1) contains the rate of pressure drop sought dp/dT.

To avoid this difficulty, we shall determine the average steam content over the two-
phase volume using the equation

Ru=Vo—VV =V | | (16)

In additien, this quantity can be obtaiﬁed by integrating Eq. (2) over the height of
the two-phase volume: .

..1——2(p/p)-+11 Np/p)exp[fk +(1<—pﬁp)e\p( Hje%—il, . , (17)

where Hy, is the reduced height of the level.

In deriving Eq. (17), it was assumed that the transverse cross sectlon of the element
is constant as a function of height. If equipment is present within the vessel, then Eq.
(2) must be integrated taking into account the variability of the area of the flow—through
cross section of the element.

In the range where p'/p'" >8, which for water approximately corresponds to a saturation
pressure of up to 13 MPa, Eq. (17) is approximated with sufficient accuracy by the dependence

Qi = 1—exp(—0.5/7y),

from which it follows that

Hie = —21n (1) (18)
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‘Figs 1. Distribution of the true volume steam
content as a function of height in the vessel:

a) model of complete separation of steam; b)
uniform mixing model; ¢) semiempirical RELAP model
[3]; d) VTI model [5]; e, f) experimental data

[8’ 9].

Having calculated the value of Hze from Eqs. (16) and (18), the reduced height of the
position of the flow orifice can be determined as

where hy, hje are the dimensional height of the position of the flow orifice and of the
evaporation surface, respectively. :

Using relations (18) and :(19), the quantities ¢7, @7e, sought can-be determined from
Egs. (1) and (2) at each .step of numerical integration.

To close the mathematical description of the problem, the system of equations obtained
must be supplemented by a relation that relates the flow rate of boiling coolant through
the location of the break with the pressure in the vessel, steam content at the inlet to the
discharge pipe, and its geometrical dimensions.

_ At the present ‘time, well-founded methods for calculating the critical flow rate of boil-
ing coolant have been developed only for a relatively narrow region of initial fluid param-
eters and geometrical dimensions of the channel [13]. For this reason, to check the proposed
model, we use the results of only those experiments in which the flow rate of the outflowing
coolant was measured while emptying the vessel [4, 8, 9, 14].

Available experimental data, e.g., [8, 9], show that at the time the leak appears, the
pressure in the vessel drops sharply below the saturation curve, Then, within fractions of
a second, the pressure is restored to a value close to the saturation curve. Subsequently,
the boiling proceeds at equilibrium. )

The initial stage of the decompression process (transition from unheated to metastable
fluid) determines the dynamic action of shock waves -on the elements of the installations
within the housing. This phenomenon was analyzed theoretically by Avdeev et al., in [15].

In the present work the equilibrium stage of the process, during which most of the coolant
is removed, is being analyzed, For this reason the initial conditions for Eq. (11) were given
in the form :

p=ps(To), ¢=0; Vy=0. A (20)

It was noted in [8, 9], that the heat accumulated in the walls of the vessel had an ap-
preciable effect on the distribution of the steam content over the height of the vessel.
For this reason the inflow of heat from the walls and from the bottom of the vessel was in-
cluded in the model of the regular cooling regime. In so doing, it was assumed that the
temperature of the internal surface of the walls equals the saturation temperature, while
the outer surface is adiabatically insulated. It was assumed that the initial temperature
field is homogeneous. Comparison of the thermal flux computed in this manner with the results
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Fig. 2. Comparison of computed curves showing the pressure
drop (p) and the level of the boiling coolant (h), as well as -
the distribution of Ehe true volume steam content, with the ex-
perimental data of MEI (-—-) (8, 9]. Leak diameter: 10 (a),
25 (b), 35 (c), 45 mm (d); change in steam content at the mark:
1830 (1), 975 (2), 612 (3), 1400 mm (4).
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Fig. 3. Comparison of computed pressure
drop curves with experimental data of ROSA
(===). Diameter of upper orifice is 50 mm.
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Fig. 4. Comparison of computer pressure
drop curves with experimental data (---),
obtained on the "Udar-1" stand; orifice diam-
eter: 1) 5 mm; 2) 15 mm. :

of the "exact" numerical solution of the one-dimensional nonstationary equation of heat con-
duction, performed with the use of the two-layer implicit six-point difference scheme (Crank—
Nicholson scheme), gave good agreement for the conditions examined. We solved the system

of ordinary differential equations (7), (8), (10) with the initial conditions (20) using the
Runge—<Kutta method with fourth-order accuracy. In performing the calculations, the thermo-
physical properties of phases, as well as their derivatives along the saturation curve, stand-
ing on the right side of Eqs. (7), (8), and (10), were fixed according to the data in [16].

The distribution of the true volume steam content over the height of the vessel when the
vessel is depressurized was measured by Dement'ev et al. [8, 9] by the method of transillumina=-
tion with rays. The change in mass of the two-phase coolant as a function of time was de-
termined by integrating the steam content curve. The dimensions of the experimental vessel,
as well as the location of the transilluminating setups, are shown in Fig, 2. The diameter
of the leak was varied by restrictive diaphragms in the discharge pipe. It follows from a
comparison with the experimental data in [8, 9] that there is satisfactory agreement not only
with respect to pressure, but also with the distribution of the true volume steam content,
Analogous results were also obtained for the other orifice diameters investigated (d =5, 15,
and 22 mm). We note that the maximum ratios of the area of the flow-through cross section of
the flow orifice and the vessel volume used in the experiment in [8, 9] are several times
larger than the corresponding values characteristic for modern reactor installationms. The
nature of the change in the true level of the coolant is interesting (see Fig. 2): When the
upper edge of the orifice is attained, in spite of the continuing outflow of mass from the
vessel, the fluid level remains constant for a long period of time. This phenomenon is charac-
teristic for experimental vessels. with a relatively high position of the discharge pipe.

Good agreement was obtained between the results of the calculation and the ROSA experi-
ment [4], performed on a vessel with a large volume. In these experiments the flow rate was
measured according to the hydrostatic pressure drop between the top and bottom of the vessel.
The good agreement between the computed and experimental pressure curves occurred both with
the upper and lower position of the flow orifice. The only exception was experiment No. 409
(upper orifice with diameter 70 mm, initial pressure 6.87 MPa). We note that a large disa-
greement between the measured flow rate curves and the results of theoretical estimates, made
by Sobajima based on the RELAP-J program (Fig. 3), occurred only in this experiment.
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In the experiments described in [14], the results of which are presented in Fig. 4, the
coolant flow rate was determined with the use of a low-inertia strain system by weighing
the volume studied during the course of the experiment. It is evident that the agreement
is good,

Thus, the computational method developed permits including the 'swelling' of the coolant
level accompanying nonstationary boiling under pressure—drop conditions and gives good agree-
ment with experiment, In addition, the universal nature of the recommendations in [10, 11]
on which the present work is based, and the absence of empirical "adjustment factors', makes
it possible to extend the analysis presented here to different coolants (organic fluids,
heavy water, etc.). The use of the proposed procedure in multielement models does not ap-
preciably complicate the numerical algorithm and does not appreciably increase the computer
time required. .
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DETERMINATION OF THE YIELD FIGURES OF THE PRODUCTS RESULTING

FROM THE *“?Pu AND *“'Am FISSION BY FAST NEUTRONS WITH THE AID
OF SEMICONDUCTOR SPECTROMETRY

« N. Gudkov, V. M, Zhivun, UDC 539.173.8
. V. Zvonarev, A. F. Zolotov,

. B. Koldobskii, Yu. F. Koleganov,

. M. Kolobashkin, S. V. Krivasheev,

and N. S. Piven'

< > > >

Since the yield figures of the products resulting from the fission of transuranium nuclei,
among them **?Py and *>“*Am, by fast neutrons are increasingly used as nuclear constants inbasic and
applied work in nuclear physics and technology, the requireménts to. the accuracy and reliabil-
ity of the yield figures become ever more stringent. To date, the results of measurements
of the yield figures of the products resulting from the fission of ?“?Pu by fast neutrons
have been listed only in [1] for the heavy peak of the mass distribution. Furthermore, one
of the two sets of yield figures of *“?Pu listed in [2] is a preliminary set without error
estimates. This set does not allow specific conclusions on the experimental technique em-
ployed to obtain the data. The yield figures of the products resulting from the fission of 2“Am
by fast neutrons were experimentally determined only in [2], but, as far as the method is
concerned, that work is practically outdated. All this implies limitations in regard to the
accuracy and reliability of the yield figures in view of the limited applicability of the
experimental techniques used in {1, 2] and the large probability of systematic experimental
errors influencing the final results., Furthermore, the list of the fission products consid-
ered in the cited papers is very limited.

In our work the yield figures of the fragment nucleides of *“?Pu and *“'Am were deter-

mined for the first time by semiconductor y-spectrometry of an undivided mixture of fission
products in an irradiated sample. This technique, which we used for the first time in in-
vestigations of the yield of the products of neutron~induced fission of other heavy nuclei
[3-6], helps to substantiallyovercome the above-indicated difficulties in the evaluation of
the research work. ' ' ' .

The samples of the material to undergo fission were irradiated in the center of the BR-1 -
reactor core (FP’JI). The neutron flux density at the point of irradiation was 6 - 10*° neutrons/
(cm® + sec). The samples were *“?Pu and *“’Am dioxides compacted and hermetically sealed in
4-mm-high cylindrical steel shells with a diameter of 6 mm. The wall thickness was about

0.15 mm (Table 1). The mass concentration of the impurities in the samples did not exceed
0.1%. ' '

Measurements on the irradiated samples were made with a semiconductor y-spectrometer
of standard design with a DGDK-32A Ge(Li) detector having a resolution of 3.5 keV for the
1333 keV °°Co radiation. The spectrometer was calibrated with the aid of an OSGI set and .

TABLE 1. .Characteristics of the Samples
of the Materials Undergoing Fission

Pure mass of the
Sample material under-
going fission

‘[Irradiation time, h

2Py (first) 84,1 7,23
242Py (second) 72,6 1,00
1AM 54,5 4.00

)

Translated from Atomnaya fnergiya, Vol. 54, No. 6, pp. 404-406, June, 1983. Original
article submitted August 2, 1982,
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TABLE 2. Yield of the Products Resulting
from the Fission of *“?Pu and *“‘Am by Fast
Neutrons

Fission | 242Pu *itAm
products | “our work (11 out work 121

8om¥r 0,
87Kr 1

BRK 1 0
1,200, 10
1,90=+0,05}

oy | %132%0,60 3,000, 20
9y - 2,71+0,28
9y 3,24+0,38 . 2,70£0,10
4,78+0,32 5,4740,27

99O Mo $,3+0,3
JUETEI . 7,7+0,2
1047'c 5,820,560 5,35+0,83
1o5 Ry 6,9240,43 6,6+0,2 %
151N 7,48+0,47
111Ag | 0,220, 11
“1258h 0,039+60,009
1258 0,050

12851 0,6320,41 0,67+£0,08
1208} 2,280, T4 1,760,42
130M8L | 0, 710,07 1,11£0,08
1318 1,97+0,30
B1MTe | 0,410,006 1,250, 29
1311 3, 19+0,21 2,140,

182 T¢ 4,460,060
1321 4,6440,38

133} 7,04+0,42 7,1640,56 | 4,040,2

134T¢ G,7020,78 5,4440,40
1341 6,83+£0,38 5,30%0,36
134 \e JT,59x0, 44"
. 7736
1357 6,83:0,18 5,300,365 | 4,8+0,3
H"m\u : 2,210,055
G,0940,41 . 6,61+0,40
0,20£0,02
T,13+0,43

6,89
6,56
64840, 39 5,642,8
621

£
7z

0,16+0,08

AZEULAS |6, Ax0.4 |
6.28::0,38
5,99:£0,36

4"1;.11_
1401,

140(Ce 4,95+0,30 N
14106 . 4,7+0,2

4,
0,
6,72£1,14
4,
’»

0"0+0 ,006

14274 R 37 4,04+0,2% . .
“2}5‘0‘ 4,63+0,37 4,5840,27 \ . i
143(¢ 3. 95 B 3,75+0,40 .
lisde | 3.99x0,30 4. 63+0.28 _ _ _ !
)
Taand : 3.240,2
1441(16 /;,32.i0,26
134Nd 4,16 .
135Nd 3,43+0,21
145Nd 3,38
146Nd : 3,93:0.18
- 146N 2,92
1 21400, 14
148Nd 2,03+0,12
118Nd 1,98 .
149Nd 1,510,114
1398m | 1,6
149gm 1,6
150Nd 1,3
150Ng' 1,3
‘151Sm 1
, 1518m 1
1528m 0,
1528m 0
154Sm 0
154Sm 0

*Normalized yield figures.
tRelative independent yield figures.
tAbsolute independent yield figures.
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a *?°Ra source in equilibrium with the daughter product of the decay; the technique of [7]
was employed. 1In order to reduce the level of the intense intrinsic background of the®“‘am
60 keV radiation, a 2-mm filtering lead screen was used in the measurements. The optimum
filter thickness was chosen so that the background of the spectrometer was reduced to 3-4%

of the "alive" time. The filters were also employed when the luminous yield of the spectrom-
eter was calibrated. The y-radiation spectra of the irradiated samples were processed with
SM-3 and SM-4 computers with the technique described in [8]. The half-life periods and the

absolute quantum yield of the y-radiation of the fission products were selected in accordance
with [9].

Certain values, which are equal to the yield figures with an accuracy of a constant coef-
ficient and which must be normalized, are the final results of the processing of the primary
experimental information obtained with our technique. Absolute normalization is not possible
in this case, because the number of fissions in the sample cannot be determined with acceptable
accuracy. We therefore used in the present work a relative normalization which is based on -
the selection of a certain "fast" yield figure as a reference value in a particular fission
process. Though the design of the BR-1 reactor allows monitoring irradiations in the thermal
column, normalization performed with the classical R method does not provide significant
advantages over the method described, because the error fraction which in the final results
originates from the yield figures of the reference fission product and the fission product
under inspection in the ratios of the R method (e.g., in the fission of 225U by thermal
neutrons) is in this case comparable with the error caused by uncertainties in the absolute
quantum yields and calibration errors of the spectrometer. The overall work volume is dou-
bled whenthe R method is employed.

The selection of the reference nuclides was guided by the following concepts:

The characteristic decay values (half life and absolute quantum yield of the y-lines
recorded) must be known with a high degree of accuracy and reliability;

the errors of the known yield figures of the reference fission products, as well as the
relative value obtained in the experiments described, must be as small as possible.

Based on the above criteria, we used as reference fission products *?2?Xe (yield figure
4.59 £0.28) in the case of *“?Pu and '°°Ru (6.6 +0.2)in the case of **“*Am. The errors which
are made in the determination of the yield figures of the fission products are caused by the
statistics of the measurements (1-15%), by uncertainties in the reference values of the
yield figures (6.1% and 3% for '?°Xe and '°°Ru, respectively), by the calibration of
the spectrometer with respect to its efficiency (1-3%), and by the handbook values of
the absolute quantum yields (n3%). The results of the measurements, along with the
data of [1, 2], are listed in Table 2.

The following conclusions can be drawn from an analysis of the results listed in Table 2,

The yield figures which we obtained for the fission products of 2“?Pu are in good agree-
ment with the results of [1] (except for the mass 140). This means that a successful selec—
tion of the normalization had been made. 1In our opinion, the systematic error of [1] or an
editorial error made in the preparation of the paper is the most likely reason for the dis-
crepancy of the yield figures for A =140. In the presert work the probability of a systematic
error is extremely small, because, first of all, good agreement between the cumulative yield
figures of the two members of the chain of A=140 (*“°Ba and '“°La) was obtained, and, sec-
ondly, the absolute quantum yields of the y-radiation, which have the greatest bearing upon
the systematic errors of the technique employed for *“°Ba and '“°La, are known in very re-
liable form.

The general agreement between the yield figures obtained for *“'Am and the data of [2]
is satisfactory. As in the case of ?“?Pu, the agreement means that the normalization was
successfully selected. Both the error of the individual yield figures and the discrepancy
between the results of the papers cited substantially exceed the errors of the case of 2“2Pu.
Final sets of yield figures for -the products of *“*Am fission by fast neutrons can be stated
only after further experimental investigations for the purpose of: 1) increasing the preci-
sion of individual measurements (this is particularly necessary in cases in which the dif-
ferences between the results of the present work and the data of [2] are significant, as,
e.g., in the case of *°°I and *®°I); 2) establishing systematic errors; 3) expanding the
available experimental information.
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EFFECTS OF NEUTRON IRRADIATION ON THE FAILURE VISCOSITY OF GRAPHITE

L. L. Lyshov, V. N. Barabanov, Yu. S. Virgil'ev, UDC 666.,764.4:
0. K. Chugunov, and A. I, Plavskii 620.178.74

The working conditions in power systems require research on the failure mechanics of the
graphite materials used, - There are radiation-induced changes in the ultimate strength and
elastic modulus of graphite [1], which indicate a reduction in the plasticity and an increase

"in the probability of brittle failure similar to those observed for metals [2]. Although

neutron irradiation increases the impact viscosity of graphite [3] and the cracking resistance .

[4], it is nevertheless very important to examine the characteristics of the failure mechanics
under conditions of high-temperature irradiation. T

Here we present results on the critical stress intensity Kyc for a wide range of graphite
materials after neutron irradiation-at various temperatures. The physicomechanical, struc-—

tural, and certain technological characteristics of these graphites made by the electrode
technology are given in Table 1, :

Specimens used for failure-viscosity testing (Fig. 1) were made of graphites ARV-2,
VPP, MPG-8, and PROG-2400, which were irradiated in tube devices replacing fuel-pin assemblies
in a VVR research reactor [1] with irradiation temperatures of 343-353°K and exposure up to

a fluence of 3 x10?° neutrons/cm® (here and subsequently, the neutron energy was over 0.18
MeV),

The specimens of reactor graphite and PGG graphite were cut with a special tubular saw
from blocks of graphite column and the reflector in the MR reactor [1]. Tests were done on
specimens of reactor graphite cut from blocks 1, 2, and 4 [1], which had been irradiated to
a fluence of (0.8-1.0) x10?* neutrons/cm® at 573°K, to (2.8-3.6) x102' neutrons/cm? at 773°K,
and to (5.3-7,2) x10*" neutrons/cm® at 973°K, correspondingly. The specimens cut from a re-
flector block (PGG graphite) were irradiated to a fluence of 0.5 x10%° neutrons/cm? at 373-
473°K.

. Thevfailure—viscosity'tests were performed by the eccentric stretching technique on
rectangular and disk specimens. The main advantage of this scheme is that one can use compact

irradiation tubes. Also, the fairly large working cross section (10 x 20 mm) enabled us to test speci-
mens of coarse-grained PROG-2400 graphite and reactor graphite without introducing errors
associated with the scale factor. The tests were performed with a Tsvik-1474 machine with

the diagram recorded in P—v coordinates, where P is load and v is displacement at the point

of load application, The errors of measurement for the load and displacement were not more
than + 1%. The critical stress intensity coefficient at the instant of crack propagation

was calculated from :

Kio= Pc“}/-i Yl.z’ V 1

where

Y, ;29,6—185_ (+) +655 (ib) — 1017 (-f; )+ 639-("7)“;
Ya=29.6— 162 (%) +492,(ib)2—663 (%)3+405 (%)‘

are the K calibration coefficients for specimens of rectangular and disk shapes, correspond-
ingly; P¢, crack propagation load; t, b,.thickness and width of the specimen; and Z, length
of the initial notch (b and 7 are measured on the line of centers for the holes in the speci-
men, see Fig. 1). In view of the linearity of the failure diagrams, Kic was calculated for
Pe =Ppax. After the failure viscosity tests, rectangular plates of size 3 x3 x 25 mm were cut
from half of the specimen to measure the dynamic elastic modulus by a resonant method employ-
ing push-wave vibrations. The error in measuring E by this method is not more than 10%.

_ Translated from Atomnaya énergiya, Vol. 54, No., 6, pp. 406-409, June, 1983. Original
article submitted July 9, 1982, :
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Fig. 2. Dependence of the relative change in Kjc on fluence
for graphites ARV-2 (), PROG-2400 (x), VPP (A), PGG (0, @ —
specimens cut parallel and perpendicular to pressing axis),
and MPG-8 (0). Specimens of graphites ARV-2, PROG-2400, VPP,
and MPG-8 were cut perpendicular to the pressing axis and were
irradiated at 343-353°K, while the PGG specimens were irradiated
at 373-473°K.

Figures 2 and 3 show the relative changes in the critical intensity coefficient and dynamic
elastic modulus, correspondingly, for specimens of five grades of graphite irradiated to
fluences of 3 x102° neutrons/cm?, On account of the restricted tube volume, each point in
Figs. 2 and 3 corresponds to data for four specimens of the materials ARV-2, PROG-2400, VPP,
and MPG-8, The irradiation temperature range was 343-353°K. At 373—473°K we irradiated
10-12 specimens of PGG graphite cut from a reflector block in two directions. The coef-
ficient of variation Kyg for PGG specimens cut in theparallel direction was not more than 87,
as against 10% for ones cut in the perpendicular direction. Figure 4 shows the dependence
on neutron fluence for the relative change in Kyc for reactor graphite. Table 2 gives the
absolute values of Kic and E and also the results from statistical processing. Each point
in Fig. 4 characterizes the data from 10-12 specimens; o =0.9 in ‘deriving the confidence
range for the mean.

~ As the curves in Figs. 2 and 3 are similar in shdpe, and in view of the results of [4],
one naturally supposes that the variation in Ky¢ as the fluence increases is due to change
in the elastic parameters and strength ones. In turn, the increases in the elastic modulus
and strength are associated with the blocking of mobile dlslocatlons at radiation point defects
in the basal plane {1, 5, 6].

There are peaks on the curves for the elastic modulus at a fluence of (0.3-1.0) ><lO
neutrons/cm®, which is due to the start of linkup between interstitial atoms into groups,
with increase in the distances between them [1l, 6]. This is characteristic of the elastic
modulus in a carbon material on neutron irradiation at low temperatures (up to 500°K). The
effect is the more pronounced the higher the degree of ordering or graphitization [1]. This
indicates that the radiation defects have different effects on the two structural componepts
of graphite: the graphitized grains of coke filler and the coke from the bornding agent.

Radiation point defects in the crystallinity zones in the filler coke grains cause
changes in the properties, in particular, elastic modulus and strength, larger than those
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Fig. 3. Dependence of the relative change
in elastic modulus on fluence (symbols as
in Fig. 2).
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Fig. 4. Dependence of the relative change
in Kyc for reactor graphite on fluence at
573 (1) and 773-973°K (2): o, @ ) parallel
and perpendicular specimen cutting, cor-
respondingly. ' i '

TABLE 2. Critical Stress Intensity Coef-
ficient and Dynamic Elastic Modulus for
Specimens of Reactor Graphite after Neutron

Irradiation :
. Fluence, 10?1 neutrons /cm2
Characteristic :
0 | o.s~1.0| g,s~-3,0| 5.4—1,3 |
Irradiation 293 573 773 973
temperature
Critical stress [6. 110,93 #7,79+1,18]7,35+0,78/9,371,21
intensity coef-[6,08£0,99 |7,7620,59(6,39=1,278,96%0, 74
ficient, 1071
MPa {m,‘ ,
0,27 0,20 0,53 ,
8KyelKyg - 0,29 0,05 0,47 - |
Dynamic 0,720,110 [1,38+0,21}1,34+0, 14]1,28+0, 16f . i
elastic (r)god-. 0,68%0,06 [0,9120,08|0,87=0,16|1, (220,08
ulus, 1 |
MpPa ¢,92 0,87 0,78 -
0,34 0,28 0,64

*Top line, specimens cut in the parallel

direction; bottom line, in the perpendicular

one,
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in the graphite from the binder coke. This is due to the higher porosity and stratification
of the graphite from the latter. For the same reasons, when the interstitial atoms begin
to link up into groups (at a fluence of about (0.3~1.0) x 103° neutrons/cm®), the relative
reduction in the elastic modulus occurs mainly in the filler coke grains. The variations
in the properties of the material as a whole (Figs. 2, 3) result from superposition of these
changes in the grains and in the graphite from the bonding-agent coke. It cannot be said
that the grains are entirely zones of ideal crystallinity, while the graphite from the bond-
ing coke is completely stratified. The division is nominal, but it relates to the predominance
of the zones, and one cannot deny that there are zones of crystallinity in the grains and
zones of stratification in the graphite from the bonding—-agent coke.

The following evidence also confirms this. The largest relative increase in E and Kjg
at a fluence of (0.5-0.8) x10*° neutrons/cm® occurs (Figs. 2, 3) with ARV-~2 and PROG-2400
graphites, which are based on fired coke and which have smaller amounts of coke residue from: -
the bonding agent (about 15-20%; see Table 1). Conversely, MPG-8 graphite based on unfired
coke has the highest amount of coke residu from the bonding agent (about 28%), and this shows
the least relative increase in these characteristics.

Therefore, this study of the cracking resistance in relation to neutron fluence has
shown that: : ‘

1. On low-temperature irradiation (373-473°K) at a fluence of = 3+ 102° neutrons/cm?
the cracking resistance (Kyg) for graphite ARV-2, MPG-8, PROG-2400, and VPP increases by
100-150%, while reactor graphite irradiated to a fluence of 7.2 x 102? neutrons/cm® at 573-
973°K shows an increase of only 20-50%.

2. The increase in resistance and in the strength characteristics is derived from a
dislocation mechanism, in which the motion of dislocations in the basal plane is prevented -
mainly by point defects arising from the irradiation (interstitial atoms and groups of these).

* 3. There is less increase in the cracking resistance as the irradiation temperature
rises, mainly on account of point-defect annealing (diffusion) and the formation of complexes.

An explanation is provided for the behavior of these characteristics on low-temperature
irradiation in the fluence range (0.03-.0) x 102° neutrons/cm® on the basis of the assumption
that there are different effects from the radiation defects in the graphitized grains of
filler coke and in the graphite from the bonding-agent coke.
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SEPARATION OF HYDROGEN ISOTOPES H.—HT AND D,—DT BY ADSORPTION ON NaA
SYNTHETIC ZEOLITES

I. A. Alekseev, I. A, Baranov, UDC 621,039,3:546.11.02
V. A. Novozhilov, G. A. Sukhorukova,
and V. D, Trenin

The development of nuclear power generation has brought forth the problem of
localizing tritium, a heavy radioactive isotope of hydrogen, which is formed in large quantities
during the operation of heavy-water nuclear reactors and is accumulated in the effluents of
enterprises that process used nuclear fuel. According to the data of TAEA, by the
year 2000 up to 2+ 10'® Bq of tritium will be produced in the form of such wastes
annually, which is tens of times as high as the natural rate of formation of tritium
on earth. A thermonuclear reactor of equivalent power, according to estimates, can produce
10“~10° times as much tritium as an atomic power station [1].

The problem of trapping and concentrating tritium can be solved by u51ng various methods
of hydrogen-isotope separation: rectification of water [2], two-temperature exchange between
water and hydrogen sulfide [3], sorption by palladium [4], etc. The only present—day in-
dustrial plant for producing tritium from heavy water and concentrating it is in operation
in France and is based on the combined method of isotope exchange between water and hydrogen
and rectification of hydrogen isotopes [5].

A promising method for the separation of isotope varieties of hydrogen is the sorption
of molecular hydrogen on synthetic zeolites. In the investigation of the water—zeolites system
it was found [6] that the heavy isotopes are sorbed preferentially on zeolites and that NaA
zeolite has the highest selectivity for hydrogen isotopes; equilibrium in the system is es-
tablished rapidly, and the separation factors have relatively high values. However, the
experiments were conducted with stable hydrogen isotopes. Except for [7], in which the
separation factors were determined by a chromatographic method at a relatively high temperature
(nv200°K), and which is of no practical significance for the separation of hydrogen isotopes,
there are no published data concerning the separation factors of tritium-bearing varieties
of hydrogen isotopes when they are adsorbed on NaA zeolite.

The purpose of the present study is to determine the separation factors for H,—HT and
DT separation on NaA zeolite. We investigated granular zeolites whose granule dimension
is 1.5-2 mm. The H,—HT and D,—DT mixtures were obtained by using metallic lithium to de-
compose water of the proper isotopic composition. The tritium content of the gas wasé +10-°
at.%Z. The experiments were carried out on an apparatus with forced gas circulation, analogous
to the one described in [4]. Before the experiment the zeolite was pumped out to a pressure
of 1 Pa, with heating up to 670°K.

Liquid nitrogen and llqu1d air were used as cooling liquids in the sorption of hydrogen.
When the gas was circulated through a cooled cell with the zeolite, isotopic equilibrium was
established after about 20 min. After taking samples of the gaseous medium for isotope
analysis, the-cell was closed and the gas was pumped out from the rest of the apparatus to
_.a pressure of 1.3 Pa. Thereafter, at 300°K, the hydrogen was desorbed from the zeolite, and
after mixing with a circulation pump, the desorbed gas was analyzed. The analysis was carried
out with the aid of an LKhM-8 MD chromatograph and a flow-through proportional counter. In
the determination of the separation factor for H,—D, the. temperature of the chromatographic
column was 77°K, and the chromatograph recorded separate H, and D, peaks. In the determina-
tion of the separation factors for H,—HT and D,—DT the column was at room temperature. Under
these conditions the chromatograph recorded one peak, whose area corresponded to the amount
of hydrogen removed for analysis and was calculated by means of an I-02 integrator with an
error of 0.5%.

Translated from Atomnaya Energlya Vol 54, No. 6, pp. 409-411, June, 1983. Original
article May 28, 1982,
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vcpdaldLliull racLurs Or nyarogen

Isotopes in a System Consisting of Hy-
drogen and NaA Zeolites

Temperature, Isotope varieties
X Hg ~ Dy Hy — HT Dy - DT
71,6 2,554:0,06 ,844-0,06 1,294-0,04
87,3 — 1,78+0,06 1,23+0,03

At the outlet of the chromatograph the carrier gas with the hydrogen sample was mixed
with the counter gas, which in this case was a mixture of propane and butane, and entered an
internally filled counter. The number of pulses recorded by the counter, which was proportion~
al to the amount of the radioactive component passed through the counter, was calculated by
a PP-9 converter. With this kind of analysis system it is possible to determine the separa-

tion factors of the stable and radioactive isotopevarieties of hydrogen molecules with an
error of 37%. :

The separation factors a were calculated as the ratio of the relative concentrations
of the relevant isotopic varieties of hydrogen in the desorbed gas and in the gaseous phase.
We introduced a correction for the dilution of the desorbed gas by hydrogen with an equilibrium
isotopic composition, which was left before desorption in the free volume of the cell with
the zeolite. ' ' '

The results of the measurements are shown in Table 1. The values given are averages
obtained from a series of measurements and are given with a confidence probability of 95%.
The measurements were carried out at a gaseous-phase pressure of 20-100 kPa, corresponding
to a sorbent filling of 70-100 neutrons »cm®/g. In this region of filling, the separation
factor is practically constant [6]. We discovered that « depends (within the limits of
measurement error) on the sorbent filling in the region investigated. The determined value
ag,-D, at 77.6°K corresponds to published data, which indicates the reliability of the meth-
od. The values we found for ag,—yr and ap,-pr are fairly high and excéed the analogous separ-
ation factors in the rectification of liquid hydrogen. Thus, we have a theoretical possibil-
ity of concentrating tritium by the method of adsorption on NaA zeolite at a higher tempera-
ture (in comparison with hydrogen rectification) and with lower energy consumption. In com-
parison with the other adsorption system (the hydrogem—palladium system), the hydrogen—zeo-
lites system has a much lower sorbent cost. v .
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POSSIBILITIES AND CONDITIONS FOR VITRIFICATION OF MEDIUM-LEVEL WASTES

V. A. Bel'tyukov, E. V. Brovkova, V. N. Zakharenko, UDC 621,039,736
A. A. Konstantinovich, N. V. Krylova, V.. V. Kulichenko, '
N. D. Musatov, I. A. Sobolev, and L. M, Khomchik

The development of methods for solidifying radioactive wastes involves obtaining a ma-
terial that reliably traps radionuclides and that is highly stable during long-term storage.

Even under these conditions, it is natural to strive to remove the product containing the
‘ radionuclides as far as possible from human activity. A realistic method for removing the
product is storage of solidified radioactive wastes in geological formations, in which it is
very desirable to use the smallest possible volumes and areas of the lithosphere.

| To solidify medium-level wastes, methods of bituminizing, cementing, wvitrification, in-

‘ clusion in polymers, etc., are being developed. One of the main purposes of solidifying
liquid radioactive wastes is.to increase the level of safety in temporary storage, transporta—
tion, and burial,

Of the materials for which manufacturing processes are currently being developed, vi-
treous preparations have the best qualities (maximum reduction in volume, lowest rate of
leaching of radionuclides,. absence of requirements for fire safety in transportation and
burial, etc.). In this connection, it is interesting to evaluate the possibility and condi-
tions for vitrification of medium-level wastes. The investigatory and experimental work
was performed for a setup using an electrically heated furnace, such.as is being developed
in the USSR for high-level wastes as well- [1].

We studied. several accessible minerals as fusing. agents (Table l) Attention:was direct-
ed primarily toward minerals that do not contain appreciable amonts of alkall—metal compounds;
whlch are one of the basic salt components of medium-level wastes.

The basic investigations were performed-wlth datolite concentrate containing B,0s, and
fluorite. These components, as is well known, contribute to the decrease in viscosity and
melting temperature of the glass mass. It was interesting to also estimate the possibility
of using loam, which is the most accessible local raw material in most regions of the country.
Medium-level wastes, as a rule, are weakly alkaline or neutral, contain large quantities of
alkaline salts and alkali~-earth elements, and can contain (except for nitrates) sulfates,
fluorides, and chlorides. -

We performed the laboratory investigations with liquid waste containing from 260-370 .
kg/m® of NaNO,, 2-8 kg/m® of KNOs;, different concentrations of iron compounds (up to 20
kg/m?), magne81um (up to 35 kg/m®), calcium (15-60 kg/m®), chlorides (up to 15 kg/m®), sulfates
(up to 10 kg/m®), fluorides (up to-10 kg/m>), etc. These components are typical and are
contained both in wastes from nuclear power plants and wastes from fuel reprocessing plants.
The chemical stability in water of preparations obtained under-laborabory conditions was

TABLE 1. Chemical Composition of Minerals, Mass %

Mineral "ca0 | Naz0| Ba0g | 8i0p | Al03 | Fes03 | Cacos] Hz0 | caFe |
Datolite concentrate 286] — [17.8]30,7 — | 2,6 |13,7]6,7| —
Datolite concentrate '

after calcination 20| — |20,0](35,5| — 2.5 _ _ _
Loam ~ 150 — |7,0]1,0]| 70| — |50 —
Quartz sand _ _ — |95} = _ — tos | —
Fluorite — - — —_ —_ — — 0,5 | 99,5

Translated from Atomnaya ﬁnergiya, Vol., 54, No. 6, pp. 411-413, June, 1983. Original
article submitted June 28, 1982, ’
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TABLE 2. Rate of Leaching of Sodjum Com-—
pounds from Laboratory Specimens of Vi-
trified Wastes

Composition and ratio |Rate of leaching,
of components | g/cm? .day Preparation
5 . | temperature;
g G| mineral, | oo - foverthey after 7 |viscosity of
E%ﬁmm% 5, | first days |melrss
ESE days
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Fig. 1. Arrangement of the furnace for
electrical melting: 1) molydenum elec-
trodes; 2) gas conduit; 3) barrier prevent-
ing dust entrainment; 4) connecting pipe
for load; 5, 6) melting and working zones;
7) unloading chamber; 8) Silit heaters.

estimated from the sodium ion (Table 2). As is evident from Table 2, the rate of leaching
from specimens obtained with the use of loam and quartz sand as fusing agents is quite low,
However, their melting temperature (> 1200°C) and the viscosity of the melt (> 10Pa - sec)
makes it difficult to obtain these materials in commercial furnaces and to unload . them.

In this case it is necessary to introduce additional compounds that contain boron anhydride
or calcium fluoride.¥

It is most advantageous to use datolite concentrate and fluorite together with quartz
sand. As the laboratory investigations demonstrated, when using datolite concentrate, it is
possible to obtain a preparation with a very low rate of leaching (see Table 2). For an
oxide content in wastes equal to 30 mass 7%, 25 mass % of quartz sand, and 45 mass 7 of da-
tolite concentrate at a temperature of 1100°C, the dynamic yiscosity of the melt does not
exceed 2.2 Pa »sec (22 P). An oxide content in wastes equal to 35-40 mass % and 35-40 mass
% $i0, in the melt does not greatly change the viscosity: 2.5-3.2 Pa *sec at 1100°C. When

*Tn melting and clarification of the glass mass in the glass-making industry, the allowable
values of viscosity do not exceed 10 Pa-sec (100 P).

tFor liquid wastes from nuclear power plants with VVER, which include boric acid, this may
not be necessary.
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using a fusing agent consisting of fluorite and quartz sand to fix the wastes, the following
glass composition is recommended (in mass %): oxides of wastes 45; Si0,, 50-52; CaF., 3-4.
The viscosity of the glass melt with this composition at 1100°C is 5.7 Pa : sec.

The amount of fluorine remaining in the glass when using fluorite as the fusing additive
is (95 *5) mass % (with total fluorine content in the glass equal to 1.6 mass %). When hold-
ing the melt obtained with datolite concentrate and quartz sand added as fusing agents and
containing 11 g of fluorine per 1 kg of glass mass for 20 h at 1200°C, the fluorine content
in the glass did not change.

The low acidity of medium-level wastes makes it difficult to remove the chloride ion
in the process of vitrification in the form of volatile hydrogen chloride. In laboratory
experiments, up to 80-90 mass % of chlorine (from the starting quantity) is included in the
glass mass, while 10-20 mass % is fixed in the vapor—gas phase.

Up to 1 mass % of the sulfate ion relative to its content in the wastes was observed
in the vapor—gas flow; the remaining sulfate was included in the glass. However, its dis-
tribution in the glass mass is nonuniform, which is indicated by the considerable spread
in the results of analysis of the glass in different parts of the glass: The spread increases
with increasing sulfate content in the wastes. Apparently, when wastes with the composition
studied are vitrified, sulfate is not completely included in the melt and the excess amount
of sulfate is mechanically distributed ip the glass mass. When wastes containing the sulfate
ion in quantities exceeding 10 kg/m® are vitrified, a sulfate layer is separated on the surface
of the melt.

We performed the experiments on vitrification of wastes using agents based on datolite
concentrate on an experimental setup with an electrically heated furnace. Liquid wastes with
different degree of dehydration were mixed with the fusing agent, consisting of datolite con-
centrate and quartz sand in a ratio ensuring that a melt containing 30 mass % of oxides in
wastes is obtained. The mixture obtained was inserted into the furnace with the help of a
screw conveyor setup (see Fig. 1). The furnace was separated into three zones: melting,
working, and unloading. The area of the melting zone was 0.09 m? and the area of the working
zone was 0.02 m®. The bottom of the furnace is made of the DVD-11 ceramic with high aluminum-
oxide content, the walls were made of ShA-3 fireclay, and the bottom and walls of the furnace
are water cooled. The charge is introduced into the furnace with the help of the screw con-
veryor setup through water-cooled connecting pipes. To prevent dust entrainment, the charge
loading zone is separated fromthe gas line by a barrier. Power is introduced by passing
alternating current through two horizontally positioned molybdenum electrodes with diameter
18 mm. The distance between the electrodes is 400 mm.

The glass mass is poured through the pouring connecting pipe into a special chamber.
To prevent cooling of the stream of glass mass, the temperature in the unloading zone was
maintained at 800-900°C with the help of Silit heaters. The vapor—gas mixture enters from
the furnace through the gas conduit into a gas scrubbing system, consisting of a bubbler-
condenser, adsorber for trapping nitrogen oxides, and filters for coarse and fine cleaning.

We performed two series of experiments with liquid wastes on this setup. The solution
capacity was 6 - 10°> m®/h and was chosen taking into account the optimum ratio of the area of
the melting zone of the furnace and the volume of the solution, determined when developing
the vitrification process for high-level wastes [1]. In the second series of experiments
we introduced molasses into the solution. The interaction of molasses with thenitrate ions
during calcination of the solution leads to the formation of a loose foam on the surface of
the glass melt, which excludes the formation of a dense crust of calcinated product in the
furnace and decreases the amount of radionuclides carried away with the vapor—gas phase [2].
We performed the experiments on wastes with the same composition used to check the process
of bituminization, included in the design of nuclear power plants.

The results of the experiments are presented below:

Salt concentration in wastes,

kg/m® 450 450% 930
Specific B activity of wastes,
Bq/m® 1.8 - 10° 1.8 -10° 3.7 +10°
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Capacity:

with respect to liquid wastes,

107® m®/h 6£0.6 6 +0.6 101

with respect to glass, '

kg/(m® - h) 34 +3 34 3 85 +8
Temperature, °C:

glass mass 1100-1150 1150-1200  1100-1150

outgoing gases ' 130 130 200-220
Consumption of electricity,

kW * h ) 7.2 7.0 13,2
Matter carried out of the furnace,

%t

solid phase 1.0

’°gyr 0.5

Cs , 4.6
sum of o emitters » 0.6
boron anhvdride 7.5

The higher removal of '°’Cs and B,0, from the furnace compared with the removal of °°Sr and

of the solid phase is explained by the high vapor pressure of compounds of these components.
Boron leaves the furnace mainly in the form of alkaline borates and metaboric acid, whose
evaporation increases in the presence of water [3]. The decrease in matter carried away
with introduction of molasses is related with the filtering actlon of the foamlike product
forming on the surface of the melt,.

The glass-mass capacity of the furnace can be increased by initially decreasing the water
content of the wastes. A concentrate obtained by concentrating liquid wastes in a drum dryer
up to a salt content of 930 kg/m® was used in these experiments. The rate at which the wastes
are introduced into the furnace was chosen according to the conditions for performing the '
process when the surface of the melt is completely covered by a layer of calcinated product,
Removal of material was further reduced by reprocessing the additionally concentrated wastes
and the glass-mass capacity of the furnace increased.

The Volume of solidified wastes obtained as a result of vitrifying 1 m® of liquid wastes
is 0.2-0.3 m®, which is a factor of 3.7 smaller than the volume obtained by including the
wastes in bitumen and polymers and almost ten times smaller than the volume of the cement
block obtained with the same wastes. The rate of leaching out of the least strongly bound
radionuclide **’Cs is (2-3) - 10-° g/(cm® day), which is two orders of magnitude lower than
the rate of leaching out of a block of bitumen and four orders of magnitude lower than the
rate of leaching out of cement. Another advantage is the elimination of contamination of.
water and soil by nitrates as a result of the absence of these ions in the glass block. .
Because there is no danger of fire, the transportation and burial processes are simplified,
although compared to bituminization and cementing, the apparatus for the solidification process
is more complicated, which is related with the necessity of using high temperatures.

In order to introduce the vitrification method at nuclear power plants, additional work
must be performed on improving the apparatus, and a number of problems involving repeated
use of the condensate must be solved.
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LETTERS TO THE EDITOR

CALCULATION OF A COMPLEX GRID WITH CLUSTERS IN THE SINGLE-GROUP
Ps; APPROXIMATION

V. E. Raevskaya and B, Z, Torlin ‘ UDC 621.039.51

In the Galanin—Fainberg theory, the neutron field is described by the superposition of
the field of individual assemblies placed at grid points of a homogeneous reactor. The dif-
fusional approximation, in which the assemblies are replaced by individually calculated ef-
fective boundary conditions at their surface, is more developed [1]. 1In {2], the basic idea
of heterogeneous theory — the superposition principle — is extended to the P; approximation.
In this case the neutron field is calculated simultaneously in the assemblies and in the
interchannel moderator. In the programs realized [2, 3], the grid was regarded as not being
tight and the "intrinsic" field of the assemblies as azimuthally isotropic (the monopole ap-
proximation). Subsequently, the numerical method was refined [4, 5] as a result of the use
of matrix fitting to calculate the neutron field inside the assemblies. This guaranteed
numerical stability of the method for any assemblies both with black and with transparent
layers, and provided a series of additional conveniences in calculations. As shown in [4],
this procedure reduces to calculation of the matrix ? and the vector D relating the three-
component "flux" @ and the current j of neutrons at each concentric boundary of the multilayer
assembly by the boundary condition

j=vp+D. (1)

Using recurrence relations, the matrix Q and vector D are calculated successively from
the center to the external surface of the assembly. After determining Y and D at the sur-
faces of the assemblies, the neutron fluxes there are calculated by the scheme outlined in
{4, 5], similar in general outline to the scheme of the analogous calc¢ulation of heteroge-
neous grids in the diffusional approximation. These principles of the construction of solu-
tions in grids with multiring assemblies are also valid for assemblies containing bundles
of cylindrical (and even multiring) fuel elements immersed in coolant, i.e., clusters.

The neutron field of the cluster is represented as the superposition of the fields of
the individual rods. Then, following [2, 4], the following expressions are obtained in the
monopole approximation at the surface of the k-th rod pg:

@ (Pr)=D1F2 (pn) An + D (o) B4+EM (py); (2a)
n

i (ow)= "2} (pr) An—+12) (pr) B+ C (o). (2b)
n .

Here A, B, and C are three~component vectors; ﬁ, f, 3 x3 matrices; and C, source vectors
described in [4]; A are the amplitudes of the "intrinsic" fields of the rods and, for equiv-
dlent rods (with identical "intrinsic' fields), may be taken outside the summation sign.
Then the summation is taken not over all the rods but only over all the monequivalent ele—
ments. The rutes for the formation of the matrices F and the calculation of their elements
were described in sufficient detail in [5].

The appearance of the second terms on the right-hand side of Eq. (2) is relatively new
here., These are associated with the finiteness of the cluster dimensions and are absent in

infinite grids. For matrix f, the matrix elements ﬁvﬂu)ﬁcm[m(fﬁﬁl)[o(“y*) . Here rk is

the distance from the cluster axis to the axis of the k-th rod. The coefficients cpy, are

Translated from Atomnaya ﬁnergiya, Vol. 54, No. 6, pp. 415-417, June, 1983, Original
article submitted April 19, 1982. . :
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b

Fig. 1. Symmetry element (one sixth) of the RBMK~-.
reactor channel: 1) zirconium rod; 2, 3) elements;
4) vapor—water mixture; 5) zirconium tube; 6, 7)
graphite.

given in [2, 3]. The relation between the number of rows n and the index of the modified
Bessel function Iy is established by means of the following relations: If n=1, 2, and 3,
then m=B —'1 and B+1, respectively, while ) :
.35, - 108 1—p+¢g

“v—ﬁ“(‘q:]/i*?—%—u) for v=1 and 2, a3=7; €=1/1, (where . and l, are the total
interaction length and the absorption length of neutrons in the coolant, respectively); u
is the mean cosine of the ahgle of neutron écattering; a=1-+¢ [171.—--%;”(1 — e).J; .

From symmetry considerations, equivalent elements must be at the same distance from the
cluster axis, be congruent, and have identical physical properties. Then the k-th group of
Mk equivalent elements may be any rod at a distance rk from the cluster axis with an external

radius pg, boundary matrix y(pk), and vector D(pk) .

The vectors ¢(py) of these representations of all N equivalent groups are combined into

the vector @c; = collg (py). ..., ¢ (Px)l, the vectors j(py) into the vector Jez=collifpy,..., (sl
the veciors D(pk) into the vector D¢7 =collD(py), .-, D(py)l, and the vectors A and Ck
into the vectors Acl = col(A;, ..., Ay) and C‘gl) =col[ C® (o), ...C® (p,)] . These new vectors are of

dimensionality 3N.

A series of newkt'natrices are also formed: diagonally cellular matrices ?sz 4 (o) Bn)
and square matrices F(BZ) ={i«‘§?)(p,,)}=:{ﬁ'(i)l}kn (k=1.... Ny rn=1,..,N) of dimensionality 3N x 3N,
c

- and also rectangular (vertical) matrices fc(%)= P @)y of dimensionality 3N x3, 1In the new

notation, Eqs. (1) and (2) take the following form for all k:

il =veiger+Des; _ . ' " (3a)
q’cl=I"‘c(:ll)A<:l""}c(:ll)B e ' : (3b)
Je=FPAc 1B+  (30)

Using the theorem of addition of cylindrical functions, relations similar to Eq. (2) may also
be obtained for the external surface of the cluster Rel:

@ (Rep)=FM) (Rep) Agy+ T (Re;) BHCO (R ); _ (4a)

§ (Rep)=F (Rey) Ay +TO (R ) BHCO(R ). (4b)

The square matrices i of dimensionality 3 x3 here are as in [4], while the rectangular ma-
trices (horizontal) of dimensions 3 x3N are formed as F(B) (Re ) ={F£B) (Re7)} from the ma-

i R ;[ 2R T
trices Fy(Rc7) of dimensions 3 x3 with matrix elements equal to c.wlllnlx,,,( VZCZ ) I, (VT"),

where Ky are modified Hankel functions of m=-th order.

_ Equations (3) and (4) are similar to the analogous expressions from [4], differing only
in dimensionality. Therfore, following [4], ‘

j(Rep) =% (Rep) 9 (ReD+D (Reyp): (32)
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TABLE 1. Mean in Neutron Fluxes in the
Channel of an RBMK Reactor with a Grid

Step of 15.95 cm*

= =
o} _ -
£ o -
o
2| 518 | . L] .| el®
S| S| & ¢ e |2 18 |18
When . PH20'=‘1
11 7Zr 0,75 10,0883 10,0885 | —0,2 10,1033 |-—14,6
21U0Q, | 1,6 10,0787 10,0777 1,3 [0,0895 { —12,0
3,000, | 3,09 |0,1247 |0,1226 1,7 [0,1176 6,0
41H,0 |4 0,1480 |0,1495 | —1,0 [0,1442 2,6
50z | 4.4 |0,2267 10,2259 |  0,3(0,1988 | 14,0
6(C 6,4 |0,2407 {0,2400 0,3 (0,2129 13,0
71C 9 0,2550 10,2519 1,2 10,2248 13,4
When py3,0=0,6
VA 0,75 10,0885 10,0899 | —1,5]0,1019 | —13,2
2 1U0, | 1,6 [0,0833 0,0825 1,0 10,0910 | —9,3
3100, | 3,09)0,1268 |0,1245 1,8 10,1208 5,0
41H,0 |4 |0.1438 |0,1473 | —2,3 |0,1442 | —0.3
5 |Zr 4,4 |0,2131 10,2140 | —0,4 |0,1965 8,4
6|C 6,4 {0,2334 10,2343 1 —0,4 |[0,2167 | 7,7
71C 9 0,2538 10,2512 1,1 10,2336 8,7
When pyy =0,2
1| Zr 0,75 10,0976 |j0,1066 | —8,4 0,117 | —4
2]1U0, | 1,6 |0,0944 }0,0852 [ —0,8 10,0917 3,0
3 | U0, | 3,09 |0,1256 }0,1226 2,5 (10,1241 1,2
41,0 |4 [0.1341 [0,1413 | —5.1 [0,1425 | —5,9
5| Zr 4,4 10,1824 10,1879 | —2,9 (0,1946 | —6,3
6|C 6,4 [0,2180 }0,2230 | —2,2 10,2297 { —5,1
71C 9 0,2532 {0,2518 5,710,2585 | —2,0

*Jere and in Table 4, the normalization
of the flux is arbitrary.

TABLE 2,' Initial Data»

o I -3
Material v emtt| %, em™? 2 cm
Zirconium 0,3475 0,0075 0,00755
| Graphite 0,4000 0,0003 0,0636
| water (pyy,0=1) 2.3900 0,0170 1,3660
Fuel 0,6703 0,323 | 0

$ci= Ec1 @ (Re)+oct.

where

F(Rep =1 Loy

Eqp=Lep LMY :

D (Re;) — [FO® (Rep)— ¥ (Rép) PO (Rep)) Fd—

- -7 (.Rcl,) cm (lfél)A+C(i) (Rops

0 =UEp — By B (R Fd =B €0 (Rep) +C;

7B =7 (B) 2(B) fefe
L 1O R )+ FOR IS

;o __Gm _A((‘»A,A.
Lcl_fcﬁ Fcl 1
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(5b)

(6)
(N

(8)
€))
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TABLE 3. Use Coefficients of Thermal Neu-
trons in the Channel of an RBMK Reactor

2 X 2 )
S| |s] |&
LIS S 3
2 - on | 2] elo | cal®
& Sl &&=l sl e
~p - | -
0 10,9114 10,9098 | 0,9150( 0,18 {—0,39|—0,57
0,6 0,9358 | 0,934010,9370| 0,18 |—0,13{—0,34
0,2 0,9606 1 0,958910,9580( 0,18 | 0,26 0,08]
- . ~[3 -
8pmo,2—0,—; |0,0402] 0,040 [0,0430 | — | — | —
‘e‘,=n'6_—ep_=, 0,0244(0,0242 E0,0220 — — —

TABLE 4, Neutron Fluxes in Zones of Polycell Assemblies

Assembly number
Zone | ppa 1o o] 2 ] 3 T N
num- .oy " PHL0 PH,0 PH0
ber — —|~ — -
1,0 | o6 0.2 .0 | 0.6 | 0,8 0.2 | 0.6 | 0,6
1 | Ze 3,994 | 3,579 | 4,431 | 4,029 | 3,697 | 3,677 4,291 | 3,501 | 3,527
2 uo, 3,755 | 3,611 | 4,379 | 3,811 | 3,754 | 3,730 | 4,239 | 3,516 | 3,548
-3 uo, 7,244 | 6,683 | 6,218 | 7,506 | 7,057 | 6,995 | €,011 ; 6,436 [ 6,520
4 H,0 8,518 | 7,477 | 6,584 | 8,819 7,887 | 7,818 | 6,366 | 7,206 | 7,298
5 Zr 14,658 | 12,477 | 9,459 | 15,332 [ 13,267 | 13,136 | 9,137 {11,954 | 12,131

Thus, the cluster is characterized by the boundary conditions in Eqs. (5a), (6), and
(8) at its external boundary, and further calculation of the assembly and the whole grid may
be performed by the scheme described in [4]. On the basis of the foregoing, the CLUST program
-is written [6]; it is similar to programs already described. By its use, however, calcula-
tions may be made in the single-group Ps approximation for both quadratic and hexagonal poly-

cells containing not only multiring assemblies, but also assemblies including bundles of
multiring fuel elements.

Fig. 2. Cartogram of the polycell in the caléulation.

The cross section of part of the channel of an RBMK reactor is shown in Fig. 1. The
results of calculating these channels in a homogeneous square grid by the CLUST program and
in cylindrical geometry by the PRAKTINEK program [7] on the basis of the Gg method (where N
is the number of spherical harmonics used and p is the number of azimuthal harmonics used)
of surface pseudosources are given in Table 1, The initial data for this calculation are
given in Table 2, Table 3 gives values of the thermal-neutron use coefficients 6. It follows
from the given data that monopolar P, and G5 approximation lead to very similar results.
The neutron fluxes calculated in the more accurate* G} approximations differ markedly from
these results (the maximum discrepancy reaches almost 15% at the center of the cluster with
a water density pjg, =1); the difference in the value of 6 is small. Whereas the present
calculation has the aim of comparing new results with those already existing and being able

*As shown in [7], the neutron fluxes calculatéd by the Monte Carlo and G3 methods coincide,
with a statistical error of € 27%.
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to establish the efficiency of the program and sufficient accuracy of the approximation,
future investigations should demonstrate the programs in calculations of polycells.

" A cartogram of the assembly positions (with equivalence numbers) in the polycell is shown
in Fig. 2, results of the calculation of which by the CLUST program are given in Table 4.
The assembly geometry is as in the preceding example. The grid step is 25 cm. As follows
from Table 4, the neutron flux increases in assemblies with an increased coolant density on
account of increase in the volume density of sources. This effect should facilitate an in-
crease in the vapor content in the polycell. The fuel elements are regarded as single-zone
only because the constants of the preceding calculation are used. The CLUST program allows
assemblies and rods with up to 30 annular zones to be calculated. The possible number of
nonequivalent rods is up to 10, and the maximum number of nonequivalent assemblies in the
polycell is 10. The calculation time for a double grid is 20-30 sec, depending on the number
of zones in the assembly. The maximum calculation time of a variant is ~4 min. The program
is written in FORTRAN for a BESM-6 computer.

It remains to thank A. D. Galanin and B. P. Kochurov for dlscu331on of the work and
assistance in choosing examples.
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DETERMINATION OF THE CROSS SECTION OF THE REACTION 27Al(n, p)2'Mg
WITH NEUTRONS OF ENERGY 14.8 MeV

V. T. Shchebolev, N. N. Moiseev, UDC 539.172.4
and Z. A. Ramendik '

The value of the (n, p)-reaction cross section in aluminum is widely used in calcula-
tions of the structures of nuclear physics facilities as a reference value when measuring
the cross sections in other elements, and also when measuring the neutron flux density on
accelerators. In particular, in Great Britain foils of aluminum are certified,‘ taking
account of the value of the activation cross section as a secondary standard of the unit of
neutron flux demsity [1]. However, as the published data differ strongly (up to 20%), the
problem of the exact measurement of the cross section o of the reaction 27A1(’n,p)27M.g is
urgent. :

_ In the present paper, samples of specially pure aluminum are used in the form of disks
with diameter 30 mm adn with a thickness from 0.5 to 1.0 mm. The number of nuclei in the
specimene was determined from the results of accurate weighing and chemical and mass-—-spectro-
metric analyses. '

Irradiation was carried out in the field formed by a neutron generator as the result
of excitation of the reaction T(d, n)“He. The distance (6-12 cm) between the sample and the
center of the tritium target was measured with an error of =0.02 mm, and its azimuthal posi-
tion relative to the direction of the deuteron beam was measured with an error of 0.0006 rad.
The neutron energy was 14.8%013 MeV. The neutron flux density was determined by several in-
dependent methods [2] with an error not exceeding 1% (with confidence coefficient of P=0.99).
Irradiation was continued for 30 to 60 min, and 10 min after completerion the induced activity
was measured by the absolute B-y-coincidence method and on a y-scintillation spectrometer,
the efficiency of which was determined beforehand with respect to standard sources from the
OSGI collection. 1In the latter case, certain OSGI sources (in particular, >“Mn and °°Zn)
were certified with an error of 1.0-1.5% for P = 0.99. A standard program was used for
processing the spectral distributions and for calculating the area under the photopeaks. A
UNO-4096 analyzer was used for the measurements. The effects of the neutron flux density
variation cover the thickness of the sample with time, during prolonged irradiation, geometrical
factor, etc., were taken .into account.

The sources of the component errors and estimates of their values, taking account of the
.weight factors, are given in Table 1 (S, is the mean-square deviation, 6, is the unincluded
systematic error).

The results of the experimental determination of the cross section of *7Al(n, p) *"Mg,
obatained in the present paper, are as follows (1 b=10"%2° n®): o,=68.0 mb; 0o, =1.6% —
B-y-coincidence method; 02 =68.5 mb; 8oz =2.1% — y-spectrometer method. The mean-square
value of o(n, p) = (68.2+0.9) mb is taken as the final result.

. Table 2 gives the data of some original papers on the experimental determination of the
cross section of the (n, p) reaction omaluminum, witherrors not exceeding 10%, for a range
of neutron energies of 14.6-14.9 MeV.

According to the criteria of adequacy of the group of data and their membership to one
and the same general set, the value from [4] must be excluded from further consideration.
The average value of the cross section obtained without taking account of the measurement
errors is equal to {71.0%1.1) mb, and in this case So: of the series of measurements (column

Translated from Atomaya Energiya, Vol. 54, No. 6, pp. 417-419, June, 1983. Original
article submitted June 2, 1982.
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TABLE 1, Estimates of the Errors in the
Determinaton of the Cross Section

Method of measurement
' B~y coin~ |y spectrom-
Source of error c1dch o Cter
So, % [ Gos % | Sos % | B0, %
Determination of neutron flux ) )
density — 10,6 — 10,6
Determination of number of ]
nuclei in sample - 1005 — 0,05
Decay constant = j0.2 ] — |04
Measurement of time mtervals : 01
Activity measurement 2 8; - | %!
Determination of area under ’ ;
photopeaks . —loslos
Determination of y-spectrom- ,
eter efficiencyy. - — — |10
Total 0,2 11,4 0,3 _ 1,8
| Total relative error 64
1,6 2,1

TABLE 2. Cross Section of the 27Al(n, p) -
*"Mg Reactlon ‘

Proton Scaled cross

energy, Mev| o & mb | Literature section, mb’
: .

14,60 T4,4T44,2 (3], 1973 | 72,95+4,2
14,6540,10 | 67,3%£2,0 | [4], 1978 | 66,1620
14.67+0,09 | 78,0%5,5 (5], 1968 | 77,01£5,5 |
14,70+£0.15 | 66,042,0°| [6}, 1964 | 65,24%2,0
14,700,145 | 73.0£2,0 | [7], 1970 | 72,24x2,0
14,75+40.25 | 68,0%5,0 | [8], 1960 | 67,62+5,0
14.783:0.10 | 68.0x2,3] ‘(1] 1973 | 67,85+2,3

14,8+0.9 | 54,050 [9], 1959 | 54,0%5,0
14,8020,20 | 73,0%5,0 | [10], 1970 73,0+5,0.

14,80 75,0+6,0 | [11], 1971 75,0+6,0

14,8 70,58+3,4 | [12], 1974 | 70,58+3,4

14,9 x5 (13], 1978 | 71,76%5,0

14,875} 68,2::0,9 | Present 68,2::0,9
- paper )

2, Table 2) amounts to 3.5 mb; the average value without taking our value into account is
equal to (71.3 *1.1) mb; So> =3.5 mb, and the estimate of Ss¢s by difference amounts to 3.5 mb,

The estimates given above for the cross section values were obtained without taking
account of the difference in the neutron energies for the range 14.6-14.9 MeV. The values, scaled
to an energy of 14.8 MeV, are given in column 4 of Table 2, using the gradient of the excita-
tion curve of the reaction equal to —7.6 mb/MeV [14] for the stated energy range. In this
case the similar estimates of the value and errors amount to: arithmetic mean (70.6 +1.1)
mb, So: =3.6 mb; arithmetic mean without taking our result into account (70.8 +1,1) mb,

So2 =3.6 mb; estimate of S,3 by difference equal to 3.5 mb. The mean weighted value (column
4, Table 2) amounts to (68.6 +0.6) mb, and without taking our result into consideration it is
(68,9 £0.9) mb., Thus, the most reliable value from the data given should be assumed to be
the mean weighted value of ¢ = (68.6 £0,6) mb.

When determining the (n, p) cross section by the y-spectrometry method, the area under
the ?’Mg photopeak was obtained as the sum of the areas under the photopeaks of the 0,842
and 1.010 MeV lines, taking into account the variation of efficiency of the spectrometer in
this energy range. The efficiency for the energies 0.835 and 1.115 MeV was determined with
high accuracy by ®“Mn and ®°Zn y-quanta sources. Comparison of the photopeaks corresponding
to the 0.842 and 1.010 MeV lines of *’Mg allowed the quantum yield of this radionuclide to

435
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be obtainea — equal to 6Y.8 and 30.2% respectively. The error of the determination of the
relative quantum yield amounted to 2.3%. The values obtained for the probability of decay
of *’Mg by two channels coincides quite well with the data given in [15] — 71.5 and 28.5%;
however, they disagree with the data of [6] — 58 and 42%.
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ESTIMATE OF THE INTERCRYSTALLINE ADSORPTION OF HELIUM IN NICKEL

£. U. Grinik and V. S. Karasev UDC 621.039.531:539.67

The buildup of helium at grain boundaries promotes high-temperature radiation embrittle-
ment of materials [1] and affects the grain-boundary relaxation [2]. For the experimental
determination of the very slight changes of concentration of impurities at the grain bound-
aries, it is advantageous to use the method of intermal friction. The height and temperature
of the grain-boundary maximum varies in proportion to the change of concentration of impurity
and these variations cease with the adsorption saturation of the grain boundaries by impuri-
ties without phase separation [3].

The binding energy of the impurity with the gram boundaries F is determined by the re-
lation:

F= —kTn In (CgfO), - (1)

where k is Boltzmann's constant; T, is the temperature corresponding to the grain-boundary
maximum of internal friction at the instant of attaining saturation; C and C;, are the con-
centration of impurities in the material and in the adsorption zone of the grain boundaries.

The concentration of impurities in the adsorption zone is expressed by the degree of
filling, i.e., by the ratio of the number of impurity atoms to the number of adsorption
centers of the given impurity [3]. In the case of saturation, when all adsorptmn centers
are filled, Cg =1 {3], and relation (1) assumes the form

F=—kTn 1n (1/C). ' o : : (2)

Relation (2) enables F to be determined on the basis of the experimental data concerning
the temperature T, and the calculated values of the helium concentration C for a duration of
irradiation correspondmg to the attainment of steady values of the temperature and helght
of the mternal frlctlon peaks. :

3 45

'ﬁv 44q é
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Fig. 1. Dependence of the variation of

height (@) and temperature (A&) of the grain-
boundary internal-friction maximum of nickel
during reactor irradiation on the neutron
fluence; ©O) height of peak before irradiation. °

Translated from Atomnaya finergiya, Vol. 54, No. 6, pp. 419-420, June, 1983, Original
article submitted June 22, 1982, .
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Fig. 2. . Dependence of the variation of
height of the principal (®) and impurity (m)
grain-boundary internal-friction maxima of
the alloy Ni—'°B during irradiation on the
neutron fluence.

Experiments were conducted on specimens of polycrystalline nickel (grain size ~50 um)
from electron-beam smelting, with purity 99.99%, by the procedure described previously in [4].
The diameter and length of the specimens was 0.8 and 70 mm. After annealing for 1 h at a
temperature of 700°C in a vacuum of ~13 mPa, the initial temperature dependence of the in-
ternal friction was determined, representing the exponentially increasing background component,
on which is superimposed the grain-boundary maximum for a temperature of 450°C. The frequency
of the torsional vibrations amounted to 5-7 Hz, and the amplitude of the relative deformation
of the surface of the specimen was maintained equal to 3° 107>, The measurement ampul, with
this specimen, was loaded into the material behavior channel of the VVR-M reactor in the
Institute of Nuclear Research, Academy of Sciences of the Ukrainian SSR. The irradiation
temperature (350°C) was maintained constant but was raised briefly during the measurements to
650°C; the fast (E=0.1 MeV) neutron flux density amounted to V10'* neutrons/(cm? - sec), and
the thermal neutron flux density was "5 - 10" neutrons/(cm® . sec). '

During irradiation the height of the grain-boundary internal-friction maximum decreased
in proportion with increase of the neutron fluence, but the temperature corresponding to this
‘maximum, on the contrary, increased (Fig. 1), and in both cases saturation was attained with
an identical fast neutron fluence (v1.2 - 10%° neutrons/cm? - sec). This behavior of the param-
eters of internal friction is characteristic for the adsorption saturation of the grain

boundaries by impurities. ' '

The effect revealed should be related to the saturation of the grain boundaries with
helium, formed as the result of the (n, a) reaction. For confirmation, experiments were
carried out to measure the internal friction in the case of the irradiation of platinum
and specimens of nickel of the same batch but alloyed with 0.007 mass % of '°B, which is
disposed mainly over the grain boundaries. For the samples of platinum, in which no (n,a)-
reactions occur, no changes of the grain-boundary internal-friction maximum were detected,
for a fast neutron fluence of = 5 - 102 [sic] neutrons/cm®. In samples of Ni—'°B, for which
the cross section of the *°B(n, «)’Li reaction by thermal neutrons amounts to 3838 b [5]

(1 b= 107%® m®), the height of the principal grain-boundary internal-friction maximum first
of all decreased in proportion with the increase of the neutron fluence, as in the case of
the sample of pure nickel (Fig. 2), and then, with a fast neutron fluence of ~102° neutrons/
cmz, a second internal friction peak appeared, due to the presence of lithium, the height

of which increased with increase of the neutron fluence. The experiments confirmed that

the change of parameters of the grain-boundary internal-friction maximum for pure nickel
actually is due to saturation of the grain boundaries by helium.

A calculation of the helium formation, taking account of the isotopic composition of
nickel and of the VVR-M neutron spectrum, and also of the secondary nuclear reaction in >°Ni,
shows that with a fast neutron fluence of 1.2 - 102° neutrons/cm®, the concentration of helium
in the body of the sample amounts to ~4.5+ 107> at.%. Thus, with this concentration of
helium and a temperature of the grain-boundary internal-friction maximum of nickel of

4138

Declassified and Approved For Release 2013/02/06 : CIA-RDP10-02196R000300020006-4




Declassified and Approved For Release 2013/02/06 : CIA-RDP10-O2196R000300020006-4

Tn = 450°C, adsorption saturation of the grain boundaries originates. The binding energy of
helium with the grain-boundary collectors at this temperature, calculated by relation (2),
amounts to (0.93+0.04) eV, and the principal error of the calculated binding energy originates
due to the error in the measurement of T,, equal to +10°C, since a change of the calculated
concentration of helium even by a factor of 10 changes the value of F by >0.01 eV. It should
be noted that the value obtained for the binding energy of helium with thé grain boundaries
exceeds the value found for atoms of other impurities [3].
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